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Concepts, 
Definitions, and 
Basic Principles 


11 INTRODUCTION 


Thermodynamics is a science in which the storage, the transformation, and the transfer of energy are 
studied. Energy is stored as internal energy (associated with temperature), kinetic energy (due to motion), 
potential energy (due to elevation), and chemical energy (due to chemical composition); it is transformed 
from one of these species to another; and it is transferred across a boundary as either heat or work. In 
thermodynamics we will develop mathematical equations that relate the transformations and transfers of 
energy to material properties such as temperature, pressure, or enthalpy. Substances and their properties thus 
become an important secondary theme. Much of our work will be based on experimental observations that 
have been organized into mathematical statements, or /aws; the first and second laws of thermodynamics are 
the most widely used. 

The engineer’s objective in studying thermodynamics is most often the analysis or design of a large- 
scale system—anything from an air-conditioner to a nuclear power plant. Such a system may be 
regarded as a continuum in which the activity of the constituent molecules is averaged into measurable 
quantities such as pressure, temperature, and velocity. This outline, then, will be restricted to macro- 
scopic or engineering thermodynamics. If the behavior of individual molecules is important, a text in 
statistical thermodynamics must be consulted. 


1.2 THERMODYNAMIC SYSTEMS AND CONTROL VOLUME 


A thermodynamic system is a definite quantity of matter contained within some closed surface. The 
surface is usually an obvious one like that enclosing the gas in the cylinder of Fig. 1-1; however, it may be 
an imagined boundary like the deforming boundary of a certain amount of mass as it flows through a 
pump. In Fig. 1-1 the system is the compressed gas, the working fluid, and the system boundary is shown 
by the dotted line. 
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Fig. 1-1 А system. 


All matter and space external to а system is collectively called its surroundings. Thermodynamics is 
concerned with the interactions of a system and its surroundings, or one system interacting with 
another. A system interacts with its surroundings by transferring energy across its boundary. No 
material crosses the boundary of a given system. If the system does not exchange energy with the 
surroundings, it is an isolated system. 

In many cases, an analysis is simplified if attention is focused on a volume in space into which, 
or from which, a substance flows. Such a volume is a control volume. A pump, a turbine, an inflating 
balloon, are examples of control volumes. The surface that completely surrounds the control volume is 
called a control surface. An example is sketched in Fig. 1-2. 


[> Liquid out 


Liquid in ШЕШЕНЕ" Energy in 


Ne Control 


| surface 
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Fig. 1-2 A control volume. 


We thus must choose, in a particular problem, whether a system is to be considered or whether a 
control volume is more useful. If there is mass flux across a boundary of the region, then a control 
volume is required; otherwise, a system is identified. We will present the analysis of a system first and 
follow that with a study using the control volume. 


1.3 MACROSCOPIC DESCRIPTION 


In engineering thermodynamics we postulate that the material in our system or control volume is a 
continuum; that is, it is continuously distributed throughout the region of interest. Such a postulate 
allows us to describe a system or control volume using only a few measurable properties. 

Consider the definition of density given by 


Р (1.1) 


= lim —— 

КЕ АУ 
where Am is the mass contained in the volume AV, shown in Fig. 1-3. Physically, AV cannot be allowed 
to shrink to zero since, if AV became extremely small, Am would vary discontinuously, depending on the 
number of molecules in AV. So, the zero in the definition of p should be replaced by some quantity e, 
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small, but large enough to eliminate molecular effects. Noting that there are about 3 x 10! molecules 
in a cubic millimeter of air at standard conditions, є need not be very large to contain billions and 
billions of molecules. For most engineering applications є is sufficiently small that we can let it be zero, 
as in (/.1). 


Less dense 


a AV 


Substance 


More dense 


Fig. 1-3 Mass as a continuum. 


There are, however, situations where the continuum assumption is not valid, for example, the re- 
entry of satellites. At an elevation of 100 km the mean free path, the average distance a molecule travels 
before it collides with another molecule, is about 30 mm; the macroscopic approach is already ques- 
tionable. At 150 km the mean free path exceeds 3 m, which is comparable to the dimensions of the 
satellite! Under these conditions statistical methods based on molecular activity must be used. 


1.4 PROPERTIES AND STATE OF A SYSTEM 


The matter in a system may exist in several phases: as a solid, a liquid, or a gas. A phase is a quantity 
of matter that has the same chemical composition throughout; that is, it is homogeneous. Phase bound- 
aries separate the phases, in what, when taken as a whole, is called a mixture. 

A property is any quantity which serves to describe a system. The state of a system is its condition as 
described by giving values to its properties at a particular instant. The common properties are pressure, 
temperature, volume, velocity, and position; but others must occasionally be considered. Shape is 
important when surface effects are significant; color is important when radiation heat transfer is being 
investigated. 

The essential feature of a property is that it has a unique value when a system is in a particular 
state, and this value does not depend on the previous states that the system passed through; that is, it is 
not a path function. Since a property is not dependent on the path, any change depends only on the 
initial and final states of the system. Using the symbol ó to represent a property, the mathematical 
equation is 


$5 
J 4ф-Фф-ф (1.2) 
1 

This requires that dọ be an exact differential; 9; — Фу represents the change in the property as the system 
changes from state 1 to state 2. There are quantities which we will encounter, such as work, that are path 
functions for which an exact differential does not exist. 

A relatively small number of independent properties suffice to fix all other properties and thus the 
state of the system. If the system is composed of a single phase, free from magnetic, electrical, and 
surface effects, the state is fixed when any two properties are fixed; this simple system receives most 
attention in engineering thermodynamics. 

Thermodynamic properties are divided into two general types, intensive and extensive. An intensive 
property is one which does not depend on the mass of the system; temperature, pressure, density, and 
velocity are examples since they are the same for the entire system, or for parts of the system. If we bring 
two systems together, intensive properties are not summed. 
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An extensive property is one which depends on the mass of the system; volume, momentum, and 
kinetic energy are examples. If two systems are brought together the extensive property of the new 
system is the sum of the extensive properties of the original two systems. 

If we divide an extensive property by the mass a specific property results. The specific volume is thus 
defined to be 


v=— 1.3 
- (1.3) 
We will generally use an uppercase letter to represent an extensive property [exception: m for mass] and a 
lowercase letter to denote the associated intensive property. 


15 THERMODYNAMIC EQUILIBRIUM; PROCESSES 


When the temperature or the pressure of a system is referred to, it is assumed that all points of the 
system have the same, or essentially the same, temperature or pressure. When the properties are assumed 
constant from point to point and when there is no tendency for change with time, a condition of 
thermodynamic equilibrium exists. If the temperature, say, is suddenly increased at some part of the 
system boundary, spontaneous redistribution is assumed to occur until all parts of the system are at 
the same temperature. 

If a system would undergo a large change in its properties when subjected to some small disturbance, 
it is said to be in metastable equilibrium. A mixture of gasoline and air, or a large bowl on a small table, is 
such a system. 

When a system changes from one equilibrium state to another, the path of successive states through 
which the system passes is called a process. If, in the passing from one state to the next, the deviation 
from equilibrium is infinitesimal, a quasiequilibrium process occurs and each state in the process may be 
idealized as an equilibrium state. Many processes, such as the compression and expansion of gases in an 
internal combustion engine, can be approximated by quasiequilibrium processes with no significant loss 
of accuracy. If a system undergoes a quasiequilibrium process (such as the thermodynamically slow 
compression of air in a cylinder) it may be sketched on appropriate coordinates by using a solid line, as 
shown in Fig. 1-4a. If the system, however, goes from one equilibrium state to another through a series 
of nonequilibrium states (as in combustion) a nonequilibrium process occurs. In Fig. 1-4b the dashed 
curve represents such a process; between (Vi, Ру) and (V5, P5) properties are not uniform throughout the 
system and thus the state of the system cannot be well defined. 


(a) (b) 


Fig. 1-4 A process. 
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EXAMPLE 1.1 Whether a particular process may be considered quasiequilibrium or nonequilibrium depends 
on how the process is carried out. Let us add the weight W to the piston of Fig. 1-5. Explain how W can be 
added in a nonequilibrium manner and in an equilibrium manner. 

Solution: If it is added suddenly as one large weight, as in part (a), a nonequilibrium process will occur in 
the gas, the system. If we divide the weight into a large number of small weights and add them one at a time, as 
in part (b), a quasiequilibrium process will occur. 


Fig. 1-5 


Note that the surroundings play no part in the notion of equilibrium. It is possible that the surroundings do 
work on the system via friction; for quasiequilibrium it is only required that the properties of the system be 
uniform at any instant during a process. 


When a system in a given initial state experiences a series of quasiequilibrium processes and returns 
to the initial state, the system undergoes a cycle. At the end of the cycle the properties of the system have 
the same values they had at the beginning; see Fig. 1-6. 

The prefix iso- is attached to the name of any property that remains unchanged in a process. An isothermal 
process is one in which the temperature is held constant; in an isobaric process the pressure remains constant; 
an isometric process is a constant-volume process. Note the isobaric and the isometric legs in Fig. 1-6. 


V 


Fig. 1-6 Four processes that make up a cycle. 


1.6 UNITS 


While the student is undoubtedly most at home with SI (Systéme International) units, much of the data 
gathered in the United States is in English units. Therefore, a certain number of examples and problems will 
be presented in English units. Table 1-1 lists units of the principal thermodynamic quantities. Observe the 
dual use of W for weight and work; the context and the units will make clear which quantity is intended. 


Quantity 
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SI Units 


Table 1-1 


English Units 
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To Convert from English to SI 
Units Multiply by 


Length 

Mass 

Time 

Area 

Volume 
Velocity 
Acceleration 
Angular velocity 
Force, Weight 
Density 
Specific weight 
Pressure, Stress 
Work, Energy 
Heat transfer 
Power 

Heat flux 

Mass flux 

Flow rate 
Specific heat 
Specific enthalpy 
Specific entropy 


Specific volume 


m 


Ibm/ft? 
Ibf/ft? 
Ibf/ft? 
ft-lbf 
Btu 
ft-lbf/sec 
Btu/sec 


Ibm/sec 


ft?/sec 
Btu/lbm-°R 
Btu/lbm 
Btu/lbm-°R 
ft?/Ibm 


0.3048 
0.4536 
0.09290 
0.02832 
0.3048 
0.3048 
4.448 
16.02 
157.1 
0.04788 
1.356 
1055 
1.356 
1055 

0.4536 
0.02832 
4.187 
2.326 
4.187 
0.06242 


When expressing a quantity in SI units certain letter prefixes may be used to represent multiplication 
by a power of 10; see Table 1-2. 

The units of various quantities are interrelated via the physical laws obeyed by the quantities. It 
follows that, in either system, all units may be expressed as algebraic combinations of a selected set of 
base units. There are seven base units in the SI system: m, kg, s, K, mol (mole), A (ampere), cd (candela). 
The last two are rarely encountered in engineering thermodynamics. 


EXAMPLE 1.2 Newton’s second law, F = та, relates a net force acting on a body to its mass and acceleration. 
If a force of one newton accelerates a mass of one kilogram at one m/ 52; or, a force of one Ibf accelerates 


32.2 Ibm (1 slug) at a rate of one ft/ sec’, how are the units related? 


Solution: The units are related as 


1N=1kg-m/s" 


or 


1 lbf = 32.2 Ibm-ft/sec? 
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Table 1-2 


Multiplication 
Factor 


10!2 
10° 
10° 
10? 


*Discouraged except in cm, cm”, or cm’. 


EXAMPLE 1.3 Weight is the force of gravity; by Newton's second law, W = mg. How does weight change with 
elevation? 

Solution: Since mass remains constant, the variation of W with elevation is due to changes in the accel- 
eration of gravity g (from about 9.77 m/ s? on the highest mountain to 9.83 m / s? in the deepest ocean trench). 
We will use the standard value 9.81 m/s? (32.2 ft/sec”), unless otherwise stated. 


EXAMPLE 1.4 Express the energy unit J (joule) in terms of SI base units: mass, length, and time. 
Solution: Recall that energy or work is force times distance. Hence, by Example 1.2, the energy unit 
J (joule) is 


1J— (1 N)(1 т) = (1kg:m/s))(1m) = 1 kg-m?/s? 


In the English system both the Ibf and the Ibm are base units. As indicated in Table 1-1, the primary energy 
unit is the ft-lbf. By Example 1.2, 


1 ft-Ibf = 32.2 Ibm-ft^ /sec? = 1 slug-ft? /sec? 


analogous to the SI relation found above. 


1.7 DENSITY, SPECIFIC VOLUME, SPECIFIC WEIGHT 


By (1.1), density is mass per unit volume; by (/.3), specific volume is volume per unit mass. Therefore, 
1 


М-- (1.4) 
р 
Associated with (mass) density is weight density or specific weight w: 
W 
--- 1.5 
ш= у (1.5) 


with units N/m"(Ibf/ft^). [Note that w is volume-specific, not mass-specific.] Specific weight is related to 
density through W = mg as follows: 


Ш = pg (1.6) 
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For water, nominal values of р and ш are, respectively, 1000 kg/m? (62.4 Ibm/ft^) and 9810 N/m? 
(62.4 lbf/ft*). For air at sea level the nominal values are 1.21 kg/m? (0.0755 Ibm/ft^) and 11.86 N/m? 
(0.0755 Ibf/ft). 


EXAMPLE 1.5 The mass of air in a room 3 x 5 x 20 m is known to be 350 kg. Determine the density, specific 
volume, and specific weight. 
Solution: 
m 350 


1 1 
р= (3)(5)(20) 1.167 kg/m v Е 167 0.857 m" /kg 


ш = pg = (1.167)(9.81) = 11.45 N/m? 


1.8 PRESSURE 


Definition 

In gases and liquids it is common to call the effect of a normal force acting on an area the pressure. If 
a force AF acts at an angle to an area AA (Fig. 1-7), only the normal component AF, enters into the 
definition of pressure: 


Fig. 1-7 The normal component of a force. 


P= lim A 
= 1 ——— 
AA—0 AA 


The SI unit of pressure is the pascal (Pa), where 
1 Ра= 1 N/m?’ = 1 kg/m.s? 


The corresponding English unit is lbf/ ft” (psf), although lbf /in? (psi) is commonly used. 

By considering the pressure forces acting on a triangular fluid element of constant depth we can 
show that the pressure at a point in a fluid in equilibrium (no motion) is the same in all directions; it is a 
scalar quantity. For gases and liquids in relative motion the pressure may vary with direction at a point; 
however, this variation is extremely small and can be ignored in most gases and in liquids with low 
viscosity (e.g., water). We have not assumed in the above discussion that pressure does not vary from 
point to point, only that at a particular point it does not vary with direction. 


Pressure Variation with Elevation 


In the atmosphere pressure varies with elevation. This variation can be expressed mathematically by 
considering the equilibrium of the element of air shown in Fig. 1-8. Summing forces on the element in the 
vertical direction (up is positive) gives 


dP — — pg dz (1.8) 
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Pressure force: (P + dP) A 


Area A 
xl d 


Weight: pgAdz | — —— dz 


Pressure force: PA 


Po 


Fig. 1-8 Forces acting on an element of air. 


Now if P is a known function of z, the above equation can be integrated to give P(z): 


P(z) — P= — | pgdz (1.9) 
0 
For a liquid, p is constant. If we write (7.8) using dh = — dz, we have 
ар-шаһ (1.10) 


where й is measured positive downward. Integrating this equation, starting at a surface where Р = 0, results in 
P=wh (1.11) 


This equation can be used to convert a pressure measured in meters of water or millimeters of mercury to 
Pascals (Pa). 

In most thermodynamic relations absolute pressure must be used. Absolute pressure is measured 
pressure, or gage pressure, plus the local atmospheric pressure: 


Р = gage + Patm (1.12) 


A negative gage pressure is often called a vacuum, and gages capable of reading negative pressures are 
vacuum gages. А gage pressure of —50 kPa would be referred to as a vacuum of 50 kPa, with the sign omitted. 

Figure 1-9 shows the relationships between absolute and gage pressure. 

The word “gage” is generally used in statements of gage pressure; e.g., Р = 200 kPa gage. If “gage” 
is not present, the pressure will, in general, be an absolute pressure. Atmospheric pressure is an absolute 
pressure, and will be taken as 100 kPa (at sea level), unless otherwise stated. It should be noted that 
atmospheric pressure is highly dependent on elevation; in Denver, Colorado, it is about 84 kPa, and in a 
mountain city with elevation 3000 m it is only 70 kPa. 


Раве (negative pressure, a vacuum) 


P ım (measured by a barometer) 


Fig. 1-9 Absolute and gage pressure. 
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EXAMPLE 1.6 Express a pressure gage reading of 35 psi in absolute pascals. 
Solution: First we convert the pressure reading into pascals. We have 


lbf in? kPa 
35 | | 144. | ( 0.04788 4, | = 241 kP 
( =) | 3 (0 * i) uerus 


To find the absolute pressure we simply add the atmospheric pressure to the above value. Assuming Раш = 100 kPa, 
we obtain 


Р= 241 + 100 = 341 kPa 


EXAMPLE 1.7 The manometer shown in Fig. 1-10 is used to measure the pressure in the water pipe. Deter- 
mine the water pressure if the manometer reading is 0.6 m. Mercury is 13.6 times heavier than water. 

Solution: To solve the manometer problem we use the fact that Р, = P,. The pressure P, is simply the 
pressure P in the water pipe plus the pressure due to the 0.6 m of water; the pressure P, is the pressure due to 
0.6 m of mercury. Thus, 


P + (0.6 m)(9810 N/m?) = (0.6 m)(13.6)(9810 N/m?) 


This gives P — 74200 Pa or 74.2 kPa gage. 


Open 
Pipe 2 i 


Fig. 1-10 


EXAMPLE 1.8 Calculate the force due to the pressure acting on the 1-m-diameter horizontal hatch of a 
submarine submerged 600 m below the surface. 
Solution: The pressure acting on the hatch at a depth of 600 m is found from (1.17) as 


P = pgh = (1000 kg/m?)(9.81 m/s?)(600 m) = 5.89 MPa 


The pressure is constant over the area; hence, the force due to the pressure is given by 


2 
F= РА = (5.89 x 105 N/m?) шы =4.62 x 10°N 


1.9 TEMPERATURE 


Temperature is, in reality, a measure of molecular activity. However, in classical thermodynamics the 
quantities of interest are defined in terms of macroscopic observations only, and a definition of temperature 
using molecular measurements is not useful. Thus we must proceed without actually defining temperature. 
What we shall do instead is discuss equality of temperatures. 
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Equality of Temperatures 


Let two bodies be isolated from the surroundings but placed in contact with each other. If one is 
hotter than the other, the hotter body will become cooler and the cooler body will become hotter; both 
bodies will undergo change until all properties (e.g., electrical resistance) of the bodies cease to change. 
When this occurs, thermal equilibrium is said to have been established between the two bodies. Hence, we 
state that two systems have equal temperatures if no change occurs in any of their properties when the 
systems are brought into contact with each other. In other words, if two systems are in thermal equili- 
brium their temperatures are postulated to be equal. 

A rather obvious observation is referred to as the zeroth law of thermodynamics: if two systems are 
equal in temperature to a third, they are equal in temperature to each other. 


Relative Temperature Scale 


To establish a temperature scale, we choose the number of subdivisions, called degrees, between two 
fixed, easily duplicated points, the ice point and the steam point. The ice point exists when ice and water are in 
equilibrium at a pressure of 101 kPa; the steam point exists when liquid water and its vapor are in a state of 
equilibrium at a pressure of 101 kPa. On the Fahrenheit scale there are 180 degrees between these two points; 
on the Celsius (formerly called the Centigrade) scale, 100 degrees. On the Fahrenheit scale the ice point is 
assigned the value of 32 and on the Celsius scale it is assigned the value 0. These selections allow us to write 


9 

к= 21—432 (1.13) 
5 

Іс = 9 (fr — 32) (1.14) 


Absolute Temperature Scale 


The second law of thermodynamics will allow us to define an absolute temperature scale; however, 
since we do not have the second law at this point and we have immediate use for absolute temperature, 
an empirical absolute temperature scale will be presented. 

The relations between absolute and relative temperatures are 


Ty = tp + 459.67 (1.15) 


Te =tc +273.15 (1.16) 


where the subscript “F” refers to the Fahrenheit scale and the subscript “C” to the Celsius scale. (The values 
460 and 273 are used where precise accuracy is not required.) The absolute temperature on the Fahrenheit scale 
is given in degrees Rankine (^ R), and on the Celsius scale it is given in kelvins (К). Note: 300 K is read “300 
kelvins,” not “300 degrees Kelvin.” We do not use the degree symbol when temperature is measured in kelvins. 


EXAMPLE 1.9 The temperature of a body is 50°F. Find its temperature in °C, K, and °R. 
Solution: Using the conversion equations, 


5 
с= 5 (50— 32) = 10°C Оо к Та = 504- 460 — 510^R 


Note that T referred to absolute temperature and ż to relative temperature. 


1.10 ENERGY 


A system may possess several different forms of energy. Assuming uniform properties throughout 
the system, the kinetic energy is given by 


KE = +m” (1.17) 
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where 1/ is the velocity of each lump of substance, assumed constant over the entire system. If the 
velocity is not constant for each lump, then the kinetic energy is found by integrating over the system. 
The energy that a system possesses due to its elevation h above some arbitrarily selected datum is its 
potential energy; it is determined from the equation 


PE=mgh (1.18) 


Other forms of energy include the energy stored in a battery, energy stored in an electrical con- 
denser, electrostatic potential energy, and surface energy. In addition, there is the energy associated with 
the translation, rotation, and vibration of the molecules, electrons, protons, and neutrons, and the 
chemical energy due to bonding between atoms and between subatomic particles. These molecular 
and atomic forms of energy will be referred to as internal energy and designated by the letter U. In 
combustion, energy is released when the chemical bonds between atoms are rearranged; nuclear reac- 
tions result when changes occur between the subatomic particles. In thermodynamics our attention will 
be initially focused on the internal energy associated with the motion of molecules that is influenced by 
various macroscopic properties such as pressure, temperature, and specific volume. In Chapter 13 the 
combustion process is studied in some detail. 

Internal energy, like pressure and temperature, is a property of fundamental importance. A sub- 
stance always has internal energy; if there is molecular activity, there is internal energy. We need not 
know, however, the absolute value of internal energy, since we will be interested only in its increase or 
decrease. 

We now come to an important law, which is often of use when considering isolated systems. The law 
of conservation of energy states that the energy of an isolated system remains constant. Energy cannot be 
created or destroyed in an isolated system; it can only be transformed from one form to another. 

Let us consider the system composed of two automobiles that hit head on and come to rest. 
Because the energy of the system is the same before and after the collision, the initial KE must simply 
have been transformed into another kind of energy—in this case, internal energy, primarily stored in 
the deformed metal. 


EXAMPLE 1.10 A 2200-kg automobile traveling at 90 kph (25 m/s) hits the rear of a stationary, 1000-kg auto- 
mobile. After the collision the large automobile slows to 50 kph (13.89 m/s), and the smaller vehicle has a speed of 
88 kph (24.44 m/s). What has been the increase in internal energy, taking both vehicles as the system? 

Solution: The kinetic energy before the collision is (1/-- 25 m/s) 


1 1 
KE, = та 12 = (5) (2200)(252) = 687 500 J 
After the collision the kinetic energy is 


1 1 1 1 
KE) = m, Um. ae 5" 12, = (5) (2200)(13.89?) + (5) (1000)(24.442) = 510900 J 


The conservation of energy requires that 
E =É, KE, + 0 = KE, + 05 
Thus, 
U, — U, = KE, — KE; = 687 500 — 510900 
— 176600 J or 176.6 kJ 
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1.1 


1.2 


1.3 


1.4 


1.5 


Solved Problems 


Identify which of the following are extensive properties and which are intensive properties: (a) a 
10-m? volume, (b) 30 J of kinetic energy, (с) a pressure of 90 kPa, (d) a stress of 1000 kPa, (е) a 
mass of 75 kg, and (f) a velocity of 60 m/s. (g) Convert all extensive properties to intensive 
properties assuming m — 75 kg. 
(a) Extensive. If the mass is doubled, the volume increases. 
(b) Extensive. If the mass doubles, the kinetic energy increases. 
(c) Intensive. Pressure is independent of mass. 
(d) Intensive. Stress is independent of mass. 
(e) Extensive. If the mass doubles, the mass doubles. 
(f) Intensive. Velocity is independent of mass. 
У 10 30 m 75 


E 
= 3 — = — = — = — = 
(g) m Z 75 = 0.1333 т /kg 75 0.40 J/kg m^ 75 1.0kg/kg 


The gas in a cubical volume with sides at different temperatures is suddenly isolated with refer- 
ence to transfer of mass and energy. Is this system in thermodynamic equilibrium? Why or why 
not? 


It is not in thermodynamic equilibrium. If the sides of the container are at different temperatures, the 
temperature is not uniform over the entire volume, a requirement of thermodynamic equilibrium. After a 
period of time elapsed, the sides would all approach the same temperature and equilibrium would eventually 
be attained. 


Express the following quantities in terms of base SI units (kg, m, and s): (a) power, (b) kinetic 
energy, and (c) specific weight. 


(a) Power = (force)(velocity) = (N)(m/s) = (kg: m/s))(m/s) = Ке: m?/s? 


2 
(b) Kinetic energy = mass x velocity? = kg- (=) = kg-m’/s* 


(c) Specific weight = weight/volume = N/m? = kg- 2 [w = kg/(sm?) 


Determine the force necessary to accelerate a mass 
of 20 Ibm at a rate of 60 ft/sec” vertically upward. 


W = 20 lbf 
A free-body diagram of the mass (Fig. 1-11) is help- 
ful. We will assume standard gravity. Newton’s second 
law, У) F = та, then allows us to write 
20 
л F= 57.3 1bf Fig. 1-11 


A cubic meter of water at room temperature has a weight of 9800 N at a location where g = 9.80 
m/s’. What is its specific weight and its density at a location where g = 9.77 m/s”? 


The mass of the water is 


_ W 9800 
"^ g 9.80 


Its weight where g=9.77 m/s? is W= mg = (1000)(9.77) =9770N. 


= 1000kg 
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1.6 


1.7 


1.8 
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Specific weight: 
pcc 2719 9770 N/m? 
V 1 
Density: 
1000 
p= 7 = —— = 1000 kg/m’ 


Assume the acceleration of gravity on a celestial body to be given as a function of altitude by the 
expression g = 4 — 1.6 x 10 °h m/s”, where h is in meters above the surface of the planet. A space 
probe weighed 100 kN on earth at sea level. Determine (a) the mass of the probe, (b) its weight on 
the surface of the planet, and (c) its weight at an elevation of 200 km above the surface of the 
planet. 


(a) The mass of the space probe is independent of elevation. At the surface of the earth we find its mass 
to be 


W _ 100000 


— 10190k 
go gar DES 


(b) The value of gravity on the planet's surface, with л = 0, is g=4m/ 52. The weight is then 


W = та = (10 190)(4) = 40 760 N 


(c) Ath- 200000 m, gravity is g —4 — (1.6 x 10 9)(2 x 105) = 3.68 m/s?. The probe's weight at 200 km is 


W = те = (10190)(3.68) = 37 500 N 


When a body is accelerated under water, some of the water is also accelerated. This makes the 
body appear to have a larger mass than it actually has. For a sphere at rest this added mass is 
equal to the mass of one half of the displaced water. Calculate the force necessary to accelerate 
a 10-kg, 300-mm-diameter sphere which is at rest under water at the rate of 10 m/s? in the 
horizontal direction. Use рн,о = 1000 kg/m?. 


The added mass is one-half of the mass of the displaced water: 


1/4 1\ /4 0.з\? 
Madded = > (бт) = (5) (3) (т) (>) (1000) = 7.069 kg 


The apparent mass of the body is then Mapparent = M + Madded = 10 + 7.069 = 17.069 kg. The force needed to 
accelerate this body from rest is calculated to be 


Е= та = (17.069)(10) 2170.7 № 


This is 70 percent greater than the force (100 N) needed to accelerate the body from rest in air. 


The force of attraction between two masses m, and т; having dimensions that are small com- 
pared with their separation distance R is given by Newton's third law, F =km,m,/R’, where 
k=6.67 x 10 N-m*/kg”. What is the total gravitational force which the sun (1.97 x 10% kg) 
and the earth (5.95 x 10^ kg) exert on the moon (7.37 x 10? kg) at an instant when the earth, 
moon, and sun form a 90° angle? The earth-moon and sun-moon distances are 380 x 10? and 
150 x 10° km, respectively. 
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A free-body diagram (Fig. 1-12) is very helpful. The total force is the vector sum of the two forces. 
It is 


2 
6.67 x 1071) (7.37 x 1022)(5.95 х 10?*) 
F-JFi-Fi- | 
( (380 x 106): 


23 1/2 
б (6.67 x 1071!)(7.37 x 1022)(1.97 х 10%) 
(150 x 10°)? 


= (4.10 x 10% + 18.5 х 10)!2 4.75 x 1020 № 


Е, 


5 


Fig. 1-12 


1.9 Calculate the density, specific weight, mass, and weight of a body that occupies 200 ft? if its 
specific volume is 10 ft^/Ibm. 


The quantities will not be calculated in the order asked for. The mass is 


V 200 


The density is 
1 |] 3 
= -= — =0.1 lbm/ft 
EF 10 9 w 
The weight is, assuming g = 32.2 ft/sec’, W = mg = (20)(32.2/32.2) = 20 Ibf. Finally, the specific weight is 
calculated to be 


w 20 з 
ш= = g = 0-1 bif 


Note that using English units, (7.6) would give 


0.1 Ibm/ft? 2 3 
=pe= 32.2 ft/sec”) = 0.1 Ibf/ft 
wee (е ШЕР! im ' 


1.10 The pressure at a given point is 50 mmHg absolute. Express this pressure in kPa, kPa gage, and 
m of H,O abs if P4, = 80 kPa. Use the fact that mercury is 13.6 times heavier than water. 


The pressure in kPa is found, using (/.//), to be 
P = wh = (9810)(13.6)(0.05) = 6671 Pa or 6.671 kPa 
The gage pressure is 


Разве = Pabs — Patm = 6.671 — 80 = —73.3 kPa gage 


The negative gage pressure indicates that this is a vacuum. In meters of water we have 


СОР 6671 


Cen oa 0.68 m of H,O 
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111 A manometer tube which contains mercury (Fig. 1-13) is used to measure the pressure P, in the 
air pipe. Determine the gage pressure Рд. wg, = 13.6 шн,о. 


Air pipe 


Hg 


Fig. 1-13 


Locate a point a on the left leg on the air-mercury interface and a point b at the same elevation on the 
right leg. We then have 


P, = P, Рд = (3)[(9810)(13.6)] = 400 200 Pa or 400.2 kPa 


This is a gage pressure, since we assumed a pressure of zero at the top of the right leg. 


112 А large chamber is separated into compartments 1 and 2, as shown in Fig. 1-14, which are kept at 
different pressures. Pressure gage A reads 300 kPa and pressure gage B reads 120 kPa. If the local 
barometer reads 720 mmHg, determine the absolute pressures existing in the compartments, and 
the reading of gage C. 


Fig. 1-14 


The atmospheric pressure is found from the barometer to be 
Раш = (9810) (13.6) (0.720) = 96060 Pa or 96.06 kPa 


The absolute pressure in compartment 1 is Р, = P4 + Р = 300+ 96.06 = 396.1 kPa. If gage C read zero, 
gage B would read the same as gage A. If gage C read the same as gage A, gage B would read zero. Hence, 
our logic suggests that 


Pg = Рд – Рс ог Po = Рд — Pg = 300 — 120 = 180 kPa 


The absolute pressure in compartment 2 is P; = Pc + Patm = 180+ 96.06 = 276.1 kPa. 


1.13 A tube can be inserted into the top of a pipe transporting liquids, providing the pressure is 
relatively low, so that the liquid fills the tube at height Л. Determine the pressure in a water 
pipe if the water seeks a level at height Л = 6 ft above the center of the pipe. 


The pressure is found from (1.11) to be 


P = wh = (62.4)(6) = 374 Ibf/f or 2.60 psi gage 
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1.14 


1.15 


1.16 


1.17 


1.18 


1.19 


1.20 


1.21 


A 10-kg body falls from rest, with negligible interaction with its surroundings (no friction). 
Determine its velocity after it falls 5 m. 


Conservation of energy demands that the initial energy of the system equal the final energy of the 


system; that is, 


1 1 
Еу = Е, jm Ui + mgh = 5m 15 + mgh 


The initial velocity 1/ is zero, and the elevation difference ћу — ha = 5 m. Thus, we have 


mg(h; — №) = jm 1$ о Vy = y2g(h, — №) = V/(2)(9.81)(5) = 9.90 m/s 


A 0.8-Ibm object traveling at 200 ft/sec enters a viscous liquid and is essentially brought to rest 
before it strikes the side. What 1s the increase in internal energy, taking the object and the liquid 
as the system? Neglect the potential energy change. 


Conservation of energy requires that the sum of the kinetic energy and internal energy remain constant 
since we are neglecting the potential energy change. This allows us to write 


1 1 
E = Е, xm VitU = 5m V3 +0 


The final velocity 1/5 is zero, so that the increase in internal energy (075 — Uj) is given by 


1 1 
U,- Ш =5т 11 = ( ;) (0.8 Ibm) (200? ft/sec?) = 16,000 Ibm-ft^/sec? 


We can convert the above units to ft-Ibf, the usual units on energy: 


. 16,000 Ibm-ft^ /sec? 


= 497 ft-lbf 
32.2 Ibm-ft/sec?-Ibf 


U,—U; 


Supplementary Problems 


Draw a sketch of the following situations identifying the system or control volume, and the boundary 
of the system or the control surface. (а) The combustion gases in a cylinder during the power stroke, 
(b) the combustion gases in a cylinder during the exhaust stroke, (c) a balloon exhausting air, (d) an automobile 
tire being heated while driving, and (e) a pressure cooker during operation. 


Which of the following processes can be approximated by a quasiequilibrium process? (a) The expansion 
of combustion gases in the cylinder of an automobile engine, (b) the rupturing of a membrane separating 


a high and low pressure region in a tube, and (c) the heating of the air in a room with a basebroad heater. 


A supercooled liquid is a liquid which is cooled to a temperature below that at which it ordinarily solidifies. 
Is this system in thermodynamic equilibrium? Why or why not? 


Convert the following to SI units: (a) 6 ft, (b) 4 in’, (c) 2 slugs, (d) 40 ft-lbf, (e) 200 ft-Ibf/sec, (f) 150 hp, 
(в) 10 ft/sec. 


Determine the weight of a mass of 10 kg at a location where the acceleration of gravity is 9.77 m/s’. 


The weight of а 10-Ib mass is measured at a location where g = 32.1 ft/sec” on a spring scale originally 
calibrated in a region where g = 32.3 ft/ sec’. What will be the reading? 
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1.22 


1.23 


1.24 


1.25 


1.26 


1.27 


1.28 
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The acceleration of gravity is given as a function of elevation above sea level by the relation g = 9.81 — 3.32 x 
1076р m/s, with h measured in meters. What is the weight of an airplane at 10 km elevation when its weight at 
sea level is 40 kN? 


Calculate the force necessary to accelerate a 20,000-Ibm rocket vertically upward at the rate of 100 ft/sec’. 
Assume g = 32.2 ft/sec”. 


Determine the deceleration of (a) a 2200-kg car and (b) a 1100-kg car, if the brakes are suddenly applied so 
that all four tires slide. The coefficient of friction 7 = 0.6 on the dry asphalt. (7 = F/N where N is the normal 
force and F is the frictional force.) 


The mass which enters into Newton’s third law of gravitation (Prob. 1.8) is the same as the mass defined by 
Newton's second law of motion. (a) Show that if g is the gravitational acceleration, then g = km,/ R^, where 
m, is the mass of the earth and В is the radius of the earth. (b) The radius of the earth is 6370 km. Calculate 
its mass if the acceleration of gravity is 9.81 m/s?. 


(a) А satellite is orbiting the earth at 500 km above the surface with only the attraction of the earth acting 
on it. Estimate the speed of the satellite. [Hint: The acceleration in the radial direction of a body moving 
with velocity 1/ in a circular path of radius r is 12/ r; this must be equal to the gravitational acceleration 
(see Prob. 1.25).] 


(b) The first earth satellite was reported to have circled the earth at 27000 km/h and its maximum 
height above the earth’s surface was given as 900 km. Assuming the orbit to be circular and taking 
the mean diameter of the earth to be 12700 km, determine the gravitational acceleration at this 
height using (i) the force of attraction between two bodies, and (ii) the radial acceleration of a 
moving object. 


Complete the following if g = 9.81 m/s? and V— 10 m°. 


p (kg/m?) 


Complete the following if Р... = 100 kPa (pug = 13.брн,о). 


kPa gage kPa absolute mH,O gage 


5 
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1.29 


1.30 


1.31 


1.32 


1.33 


1.34 


1.35 


Determine the pressure difference between the water pipe and the oil pipe (Fig. 1-15). 


Water pipe 


Oil pipe 


Fig. 1-15 


A bell jar 250 mm in diameter sits on a flat plate and is evacuated until a vacuum of 700 mmHg exists. The 
local barometer reads 760 mm mercury. Find the absolute pressure inside the jar, and determine the force 
required to lift the jar off the plate. Neglect the weight of the jar. 


A horizontal 2-m-diameter gate is located in the bottom of a water tank as shown in Fig. 1-16. Determine the 
force F required to just open the gate. 


5m F 
Hinge 
zt" 
[= Se] | 
Fig. 1-16 


A temperature of a body is measured to be 26°C. Determine the temperature in °R, K, and °F. 


The potential energy stored in a spring is given by 1Кр, where К is the spring constant and х is the distance 
the spring is compressed. Two springs are designed to absorb the kinetic energy of a 2000-kg vehicle. 
Determine the spring constant necessary if the maximum compression is to be 100 mm for a vehicle 
speed of 10 m/s. 


A 1500-kg vehicle traveling at 60 kph collides head-on with a 1000-kg vehicle traveling at 90 kph. If they 
come to rest immediately after impact, determine the increase in internal energy, taking both vehicles as the 
system. 


Gravity is given by g—9.81 — 3.32 x 107° Л m/s”, where h is the height above sea level. An airplane is 


traveling at 900 kph at an elevation of 10 km. If its weight at sea level is 40 kN, determine (a) its kinetic 
energy and (р) its potential energy relative to sea level. 


Review Questions for the FE Examination 


1.1FE Engineering thermodynamics does not include 


(A) storage of energy 

(B) utilization of energy 

(C) transfer of energy 

(D) transformation of energy 
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1.2FE In a quasiequilibrium process, the pressure in a system 
(A) remains constant 
(B) varies with temperature 
(C) is everywhere constant at an instant 
(D) increases if volume increases 


1.3FE Which of the following is not an extensive property? 
(A) Momentum 
(B) Kinetic energy 
(C) Density 
(D) Mass 


1.4FE Which of the following would be identified with a control volume? 
(A) Compression of air in a cylinder 
(B) Filling a tire with air at a service station 
(C) Expansion of the gases in a cylinder after combustion 
(D) The Goodyear blimp during flight 


1.5FE Which of the following is not an intensive property? 
(A) Velocity 
(B) Pressure 
(C) Temperature 
(D) Volume 


1.6FE Which of the following is a quasiequilibrium process? 
(A) Mixing paint in a can 
(B) Compression of air in a cylinder 
(C) Combustion 
(D) A balloon bursting 


1.7FE Which of the following is not an acceptable SI unit? 
(A) Distance measured in centimeters 
(B) Pressure measured in newtons per square meter 
(C) Density measured in grams per cubic centimeter 
(D) Volume measured in cubic centimeters 


1.8FE The unit of joule can be converted to which of the following? 
(A) Pam? 
(B) N-kg 
(C) Pa/m? 
(D) Pam? 


1.9FE The standard atmosphere in meters of ammonia (p= 600 kg/m?) is: 
(A) 17m 
(B) 19m 
(С) 23m 
(D) 31 m 


1.10FE Convert 200 kPa gage to absolute millimeters of mercury (онь = 13.6pwater). 
(A) 1500 mm 
(B) 1750 mm 
(C) 2050 mm 
(D) 2250 mm 


1.11FE A gage pressure of 400 kPa acting on a 4-cm-diameter piston is resisted by a spring with a spring constant 
of 800 N/m. How much is the spring compressed? Neglect the piston weight. 
(A) 630 cm 
(B) 950 cm 
(C) 1320 cm 
(D) 1980 cm 
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1.12FE Calculate the pressure in the 200-mm-diameter cylinder shown in Fig. 1-17. The spring is compressed 


40 cm. 
K=2kN/m 
|. 40-ке frictionless 
piston 
(A) 138 kPa 
(B) 125 kPa 
(C) 110 kPa Air 
(D) 76 kPa 


Fig. 1-17 


1.13FE What pressure force exists on an 80-cm-diameter horizontal area at a depth below the surface of a lake? 


(A) 150 kN 
(B) 840 kN 
(C) 1480 kN 
(D) 5910 kN 


1.14FE In thermodynamics our attention is focused on which form of energy? 


1.16 
1.17 
1.18 
1.19 
1.20 
1.21 
1.22 
1.23 
1.24 
1.25 
1.26 


1.27 


1.28 
1.29 
1.30 
1.31 


(A) Kinetic energy 

(B) Internal energy 
(C) Potential energy 
(D) Total energy 


Answers to Supplementary Problems 


(a) system (№) control volume (с) control volume (d) system (е) control volume 

(а) сап (р) cannot (с) cannot 

no 

(а) 1.829 1  (b)65.56cm? (с) 29.18 kg (4) 54.24 Num. (е) 2712 У (f) 111.9 kW (6) 0.2832 m/s 
97.7 N 

9.91 Ibf 

39.9 kN 

82,100 lbf 

(a) 5.886 m/s? (р) 5.886 m/s? 

(b) 5.968 x 107^ kg 

(a) 8210 m/s 

(b) (i) 7.55 m/s? (ii) 7.76 m/s? 

(a) 0.05, 0.4905, 0.5, 4.905 (Р) 0.5, 19.62, 20, 1962 (c) 2.452, 0.4077, 4.077, 40 (d) 0.1, 10, 98.1, 981 
(e) 0.981, 1.019, 10, 10.19 

(а) 105, 787, 0.5097 (р) 50, 1124, 5.097 (с) —96, 4, —9.786 (а) 294.3, 394.3, 2955 

514 kPa 

8005 Pa, 4584 N 

77.0 kN 
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1.32 
1.33 
1.34 
1.35 
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538.8°R, 299 K, 78.8°F 

10 x 10° N/m 

521 kJ 

(а) 127.4 МЈ (b) 399.3 MJ 


Answers to Review Questions for the FE Examination 


[CHAP. 1 


ІЛЕЕ (В) L2FE(C) 1.3FE (C) 1.4FE (B) 1.5FE (D) L6FE(B) 1.7FE (C) 1.8FE (D) 1.9КЕ (A) 
1.10FE (A) 1.11FE (A) 1.12FE (A) 1.13FE (C) 1.14FE (B) 


Properties of 
Pure Substances 


21 INTRODUCTION 


In this chapter the relationships between pressure, specific volume, and temperature will be pre- 
sented for a pure substance. A pure substance is homogeneous. It may exist in more than one phase, but 
each phase must have the same chemical composition. Water is a pure substance. The various combina- 
tions of its three phases have the same chemical composition. Air is not a pure substance, and liquid air 
and air vapor have different chemical compositions. In addition, only a simple compressible substance 
will be considered, that is, a substance that is essentially free of magnetic, electrical, or surface tension 
effects. We will find the pure, simple, compressible substance of much use in our study of thermody- 
namics. In a later chapter we will include some real effects that cause substances to deviate from the ideal 
state presented in this chapter. 


2.2 THE P-v-T SURFACE 


It is well known that a substance can exist in three different phases: solid, liquid, and gas. Consider 
an experiment in which a solid is contained in a piston-cylinder arrangement such that the pressure is 
maintained at a constant value; heat is added to the cylinder, causing the substance to pass through all 
the different phases. Our experiment is shown at various stages in Fig. 2-1. We will record the tempera- 
ture and specific volume during the experiment. Start with the solid at some low temperature; then add 
heat until it just begins to melt. Additional heat will completely melt the solid, with the temperature 
remaining constant. After all the solid is melted, the temperature of the liquid again rises until vapor just 
begins to form; this state is called the saturated liquid state. Again, during the phase change from liquid 
to vapor, often called boiling, the temperature remains constant as heat is added. Finally, all the liquid is 
vaporized and the state of saturated vapor exists, after which the temperature again rises with heat 
addition. This experiment is shown graphically in Fig. 2-2a. Note that the specific volume of the solid 
and liquid are much less than the specific volume of vapor. The scale is exaggerated in this figure so that 
the differences are apparent. 

If the experiment is repeated a number of times using different pressures, a T-v diagram results, 
shown in Fig. 2-2b. At pressures that exceed the pressure of the critical point, there is no longer a 
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distinction between liquid and vapor; the substance is referred to as a supercritical fluid. Property values 
of the critical point for various substances are included in Table B-3. 

The data obtained in an actual experiment could be presented as a three-dimensional surface with 
P = P(v,T). Figure 2-3 shows a qualitative rendering of a substance that contracts on freezing. For a 
substance that expands on freezing, the solid-liquid surface would be at a smaller specific volume than for 
the solid surface. The regions where only one phase exists are labeled solid, liquid, and vapor. Where two 
phases exist simultaneously the regions are labeled solid-liquid (S-L), solid-vapor (S-V), and liquid-vapor 
(L-V). Along the triple line, a line of constant temperature and pressure, all three phases coexist. 

The P-v-T surface may be projected unto the P-v plane, the T-v plane, and the P-T plane, thus 
obtaining the P-v, T-v, and P-T diagrams shown in Fig. 2-4. Again, distortions are made so that the 
various regions are displayed. Note that when the triple line of Fig. 2-3 is viewed parallel to the v axis it 
appears to be a point, hence the name triple point. A constant pressure line is shown on the T-v diagram 
and a constant temperature line on the P-v diagram. 

Primary practical interest is in situations involving the liquid, liquid-vapor, and vapor regions. A 
saturated vapor lies on the saturated vapor line and a saturated liquid on the saturated liquid line. The 
region to the right of the saturated vapor line is the superheated vapor region; the region to the left of the 
saturated liquid line is the compressed liquid region (also called the subcooled liquid region). A super- 
critical state 15 encountered when the pressure and temperature are greater than the critical values. 


Vapor 


Solid 


(a) (b) (c) (d) 
Fig. 2-1 The solid, liquid, and vapor phases. 


Critical point 


Vapor 
Saturated liquid 


Liquid Saturated 
Solid vapor 


(a) (b) 
Fig. 2-2 The T-v diagram. 
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2.3 THE LIQUID-VAPOR REGION 


At any state (Т, v) between saturated points 1 and 2, shown in Fig. 2-5, liquid and vapor exist as a 


mixture in equilibrium. Let vy and v, represent, respectively, the specific volumes of the saturated liquid 
and the saturated vapor. Let m be the total mass of a system (such as shown in Fig. 2-1), m p the amount 
of mass in the liquid phase, and m, the amount of mass in the vapor phase. Then for a state of the system 


represented by (T, v) the total volume of the mixture is the sum of the volume occupied by the liquid and 
that occupied by the vapor, or 


ту = m yv, т, (2.1) 


The ratio of the mass of saturated vapor to the total mass is called the quality of the mixture, designated 
by the symbol x; it is 


= = (2.2) 


Critical point 


Triple line 


U 


Fig. 2-3 The P-v-T rendering of a substance that contracts on freezing. 


Critical point 


Critical point 
T Р Critical point 
Fusion line 
Р = const. 

Saturated 
vapor line 3 Vapor 

Же 

d 


Vapor 


Saturated 
vapor line 


Liquid 


Т = const. 


Saturated 


Saturated 
liquid line 


liquid line 


“~— Triple point 


(a) (5) 
Fig. 2-4 The P-v, T-v, and P-T diagrams. 


(c) 
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Recognizing that m =m, + m,, we may write (2./), using our definition of quality, as 
v= vet x(v, — vy) (2.3) 


Because the difference in saturated vapor and saturated liquid values frequently appears in calculations, 
we often let the subscript fg denote this difference; that is, 


Vig — Vg — Uf (2.4) 
Thus, (2.3) is 
U = Vf + XU fg (2.5) 


Note that the percentage liquid by mass in a mixture is 100(1 — x) and the percentage vapor is 100x. 


Fig. 2-5 A T-v diagram showing the saturated liquid and saturated vapor points. 


2.4 STEAM TABLES 


Tabulations have been made for many substances of the thermodynamic properties P, v, and T and 
additional properties to be identified in subsequent chapters. Values are presented in the appendix in 
both tabular and graphical form. Table C-1 gives the saturation properties of water as a function of 
saturation temperature; Table C-2 gives these properties as a function of saturation pressure. The 
information contained in the two tables is essentially the same, the choice being a matter of convenience. 
We should note, however, that in the mixture region pressure and temperature are dependent. Thus to 
establish the state of a mixture, if we specify the pressure, we need to specify a property other than 
temperature. Conversely, if we specify temperature, we must specify a property other than pressure. 

Table C-3 lists the properties of superheated water vapor. To establish the state of a simple sub- 
stance in the superheated region, it is necessary to specify two properties. While any two may be used, 
the most common procedure is to use pressure and temperature. Thus, properties such as v are given in 
terms of the set of independent properties P and T. 

Table C-4 lists data pertaining to compressed liquid. At a given temperature the specific volume of 
a liquid is essentially independent of the pressure. For example, for a temperature of 100°C in Table C-1, the 
specific volume v, of liquid is Q: 001044 m° /kg at a pressure of 100 kPa, whereas at a pressure of 10 MPa the 
specific volume is 0.001038 m? /kg, less than a 1 percent decrease in specific volume. Thus it is common іп 
calculations to assume that the specific volume (and other properties, as well) of a compressed liquid is equal 
to the specific volume of the saturated liquid at the same temperature. Note, however, that the specific 
volume of saturated liquid increases significantly with temperature, especially at higher temperatures. 

Table C-5 gives the properties of a saturated solid and a saturated vapor for an equilibrium con- 
dition. Note that the value of the specific volume of ice is relatively insensitive to temperature and 
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pressure for the saturated-solid line. Also, it has a greater value (almost 10 percent greater) than the 
minimum value on the saturated-liquid line. 


EXAMPLE 2.1 Determine the volume change when | kg of saturated water is completely vaporized at a 
pressure of (a) 1 kPa, (5) 100 kPa, and (c) 10000 kPa. 

Solution: Table C-2 provides the necessary values. The quantity being sought is vs, = v, — vy. Note that 
P is given in MPa. 


(a) 1 kPa. Thus, г), = 129.2 — 0.001 = 129.2 т? /kg. 
(b) 100 kPa = 0.1 MPa. Again, v = 1.694 — 0.001 = 1.693 m? /kg. 
(c) 10000 kPa = 10 MPa. Finally, vj = 0.01803 — 0.00145 = 0.01658 m? /kg. 


Notice the large change in specific volume at low pressures compared with the small change as the critical point 
is approached. This underscores the distortion of the P-v diagram in Fig. 2-4. 


EXAMPLE 2.2 Four kg of water is placed in an enclosed volume of 1 m°. Heat is added until the temperature 
is 150°C. Find (а) the pressure, (0) the mass of vapor, and (c) the volume of the vapor. 

Solution: Table C-1 is used. The volume of 4 kg of saturated vapor at 150°C is (0.3928)(4) = 1.5712 m°. 
Since the given volume is less than this, we assume the state to be in the quality region. 


(a) In the quality region the pressure is given as P — 475.8 kPa. 
(b) To find the mass of the vapor we must determine the quality. It is found from (2.3), using v = 1/4 
m?/kg, as 
0.25 — 0.00109 4- x(0.3928 — 0.00109) 
Thus, x — 0.2489/0.3917 — 0.6354. Using (2.2), the vapor mass is 


m, — mx — (4)(0.6354) — 2.542 kg 


(c) Finally, the volume of the vapor is found from 
V, = оът, = (0.3928)(2.542) = 0.9985 m? 


Note that in mixtures where the quality is not very close to zero the vapor phase occupies most of the volume. In 
this example, with a quality of 63.54 percent it occupies 99.85 percent of the volume. 


EXAMPLE 2.3 Four kg of water is heated at a pressure of 220 kPa to produce a mixture with quality x = 0.8. 
Determine the final volume occupied by the mixture. 

Solution: Use Table C-2. To determine the appropriate numbers at 220 kPa we linearly interpolate 
between 0.2 and 0.3 MPa. This provides, at 220 kPa, 


9; 


(2% - 200 


500—306) (0.6058 — 0.8857) + 0.8857 = 0.8297 m? /kg v, = 0.0011 m? /kg 


Note that no interpolation is necessary for о у, since for both pressures v; is the same to four decimal places. 
Using (2.3), we now find 


v = vp + x(v, — vy) = 0.0011 + (0.8)(0.8297 — 0.0011) = 0.6640 m? /kg 


The total volume occupied by 4 kg is V = mv = (4 kg)(0.6640 т? /kg) = 2.656 m°. 
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EXAMPLE 2.4 Two lb of water is contained in a constant-pressure container held at 540 psia. Heat is added 
until the temperature reaches 700°F. Determine the final volume of the container. 
Solution: Use Table C-3E. Since 540 psia lies between the table entry values, the specific volume is simply 


v = 1.3040 + (0.4)(1.0727 — 1.3040) = 1.2115 ft3/Ibm 


The final volume is then V = mv = (2)(1.2115) = 2.423 ft^. 


2.5 THE IDEAL-GAS EQUATION OF STATE 


When the vapor of a substance has relatively low density, the pressure, specific volume, and tem- 
perature are related by the specific equation 


Pv = RT (2.6) 


where R is a constant for a particular gas and is called the gas constant. This ideal-gas equation is an 
equation of state in that it relates the state properties P, v, and T; any gas for which this equation is valid 
is called an ideal gas or a perfect gas. Note that when using the ideal-gas equation the pressure and 
temperature must be expressed as absolute quantities. 
The gas constant В is related to a universal gas constant R,, which has the same value for all gases, by 
the relationship 
R, 

R= ЖИ (2.7) 
where М is the molar mass, values of which are tabulated in Tables B-2 апа B-3. The mole is that 
quantity of a substance (i.e., that number of atoms or molecules) having a mass which, measured in 
grams, is numerically equal to the atomic or molecular weight of the substance. In the SI it is convenient 
to use instead the kilomole (kmol), which amounts to x kilograms of a substance of molecular weight x. 
For instance, 1 kmol of carbon is a mass of 12 kg (exactly); 1 kmol of molecular oxygen is 32 kg (very 
nearly). Stated otherwise, М = 12 kg/kmol for С, and М = 32 kg/kmol for О». In the English system one 
uses the pound-mole (Ibmol); for О», М = 32 lbm/Ibmol. 

The value of R, is 


К, = 8.314 kJ/(kmol-K) = 1545 ft-lbf/(Ibmol-°R) = 1.986 Btu/(Ibmol-^R) (2.8) 


For air M is 28.97 kg/kmol (28.97 lbm/Ibmol), so that for air R is 0.287 kJ/kg-K (53.3 ft-Ibf/Ibm- ^R), 
a value used extensively in calculations involving air. 
Other forms of the ideal-gas equation are 


РУ =mRT P — pRT PV — NR,T (2.9) 


where N is the number of moles. 
Care must be taken in using this simple convenient equation of state. A low-density p can be 
experienced by either having a low pressure or a high temperature. For air the ideal-gas equation is 
surprisingly accurate for a wide range of temperatures and pressures; less than 1 percent error is 
encountered for pressures as high as 3000 kPa at room temperature, or for temperatures as low as 
—130°C at atmospheric pressure. 
The compressibility factor Z helps us in determining whether or not the ideal-gas equation should be 
used. It is defined as 
Pv 
Z — 


=> (2.10) 


and is displayed in Fig. 2-6 for nitrogen. Since air is composed mainly of nitrogen, this figure is 
acceptable for air also. If 7 = 1, or very nearly 1, the ideal-gas equation can be used. If Z is not 
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110 K | 
| Critical 
| point 


0.1 0.2 0.4 1 2 4 10 20 40 
Pressure (MPa) 


Fig. 2-6 The compressibility factor. 


approximately 1, then (2./0) may be used. Additional real-gas effects (deviations from ideal-gas beha- 
vior) are considered in a subsequent chapter. 

The compressibility factor can be determined for any gas by using a generalized compressibility 
chart presented in Fig. G-1 in the appendix. In the generalized chart the reduced pressure Pg and reduced 
temperature Тр must be used. They are calculated from 


Р Р T T v 
= — = — 1) — es 
um S SCRIBE. 


(2.11) 
where P,, and T,, are critical-point pressure and temperature, respectively, of Table B-3, and v; is the 
pseudo-reduced volume. 


EXAMPLE 2.5 An automobile tire with a volume of 0.6 m? is inflated to a gage pressure of 200 kPa. Calculate 
the mass of air in the tire if the temperature is 20°C. 

Solution: Air is assumed to be an ideal gas at the conditions of this example. In the ideal-gas equation, 
PV = mRT, we use absolute pressure and absolute temperature. Thus, using Pym = 100 kPa, 


P = 200+ 100 = 300 kPa and T = 204+ 273 = 293K 
The mass is then calculated to be 


PV (300000 N/m?)(0.6m?) 
m=— = =2.14kg 
RT (287 N-m/kg-K)(293 K) 


The units in the above equation should be checked. 


EXAMPLE 2.6 The temperature in the atmosphere near the surface of the earth (up to an elevation of 10000 m) 
can be approximated by T(z) = 15 — 0.00651z°C. Determine the pressure at an elevation of 3000 m if at z = 0, 
Р = 101 kPa. 
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Solution: Equation (/.8) relates the pressure change to the elevation change. We can put the ideal-gas 
equation for air in the form 


287 
Р = 287рТ = (55 


Jen = 29.3 wT 


Hence, (7.8) сап be written as 


р 
аР —3937 ^ 
Using the given equation for T(z) we have 
IP 
OP = а 
(29.3)(288 — 0.006512)“ 


where we have added 273 to express the temperature in kelvins. To integrate the above equation we must 
separate variables as 


dP dz 


P  —(29.)088 — 0.006512) 


Now integrate between the appropriate limits: 


D |: dz Са 1 | —0.006514& 
ют P o (29.3)(288- 0.006512)  \29.3/ 40:00651; Jy 288 — 0.00651z 


P 
Inggr = [5:24 In(288 — 0.006512) 6000 = —0.368 


There results P = (101)(е 03%) = 69.9 kPa. 


2.6 EQUATIONS OF STATE FOR A NONIDEAL GAS 


There are many equations of state that have been recommended for use to account for nonideal-gas 
behavior. Such behavior occurs where the pressure is relatively high (> 4 MPa for many gases) or when 
the temperature is near the saturation temperature. There are no acceptable criteria that can be used to 
determine if the ideal-gas equation can be used or if the nonideal-gas equations of this section must be 
used. Usually a problem is stated in such a way that it is obvious that nonideal-gas effects must be 
included; otherwise a problem is solved assuming an ideal gas. 

The van der Waals equation of state is intended to account for the volume occupied by the gas- 
molecules and for the attractive forces between molecules. It is 


RT 
P= 5 (2.12) 


where the constants а and b are related to the critical-point data of Table B-3 by 


DIR Te RT. 
= er pl 2.13 
47 GP, 8P, oe 


These constants are also presented in Table B-8 to simplify calculations. 
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An improved equation is the Redlich-K wong equation of state: 


RT a 
m eT "FW (2.14) 


where the constants are given by 


B RT. 
а = 0.4275 2% b = 0.0867 (2.15) 


cr cr 


and are included in Table B-8. 
A virial equation of state presents the product Pu as a series expansion. The most common expan- 
sion is 


P 


Е Z P AT n" ат! вое (2.16) 


where interest is focused on B(T) since it represents the first-order correction to the ideal-gas law. The 
functions B(T), C(T), etc., must be specified for the particular gas. 


EXAMPLE 2.7 Calculate the pressure of steam at a temperature of 500°C and a density of 24 kg/m? using 
(a) the ideal-gas equation, (b) the van der Waals equation, (c) the Redlich-K wong equation, (d) the compres- 
sibility factor, and (e) the steam table. 

Solution: 


(a) Using the ideal-gas equation, P = pRT = (24)(0.462)(773) = 8570 kPa, where the gas constant for 
steam is found in Table B-2. 


(b) Using values for a and b from Table B-8, the van der Waals equation provides 
RT а (0.462)(773) 1.703 


ue = = 7950 kP. 
=й Ое 5 
24, 


(c) Using values for a and b from Table B-8, (һе Redlich-K wong equation gives 


RT a (0.462)(773) 43.9 


i = 
v—b wvcb)V/T 3—000117 (4)(4 +0.00117) V773 


= 7930 kPa 


(d) The compressibility factor is found from the generalized compressibility chart of Fig. G-1 in the 
appendix. To use the chart we must know the reduced temperature and pressure: 


T 773 P 8000 
1-------- 1.19 Pp = — = —— = 0.362 
ECCE C Gun R PB, 22100 0-56 


where we have used the anticipated pressure from parts (а), (b), and (c). Using the compressibility 
chart (it is fairly insensitive to the precise values of Тр and Рр, so estimates of these values are quite 
acceptable) and (2./0), we find 


p — ZRT _ (0.93)(0.462)(773) 


с 1/24 — 7970kPa 


(e) The steam table provides the most precise value for the pressure. Using T = 500°С and 
v = 1/24 = 0.0417 m? /kg, we find P = 8000 kPa. Note that the ideal-gas law has an error of 7.1 percent, 
and the error of each of the other three equations is less than 1 percent. 
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Solved Problems 


For a specific volume of 0.2 m?/kg, find the quality of steam if the absolute pressure is (a) 40 kPa 
and (5) 630 kPa. What is the temperature of each case? 


(a) Using information from Table C-2 in (2.3), we calculate the quality as follows: 
v — vg x(v, — vy) 0.2 = 0.001 + x(3.993 — 0.001) г.х = 0.04985 
The temperature is found in Table C-2 next to the pressure entry: T = 75.9°C. 
(b) We must interpolate to find the correct values in Table C-2. Using the values at 0.6 and 0.8 MPa we have 


03 
v = ЄЗ (0.2404 — 0.3157) +0.3157 = 0.3044 оу = 0.0011 


Using (2.3), we have 
0.2 = 0.0011 + х(0.3044 — 0.0011) г.х = 0.6558 


The temperature is interpolated to be 


= (So )ama- 158.9) + 158.9 = 160.6°C 


Calculate the specific volume of water at (a) 160°C and (6) 221°C if the quality is 85 percent. 
(a) Using the entries from Table C-1 and (2.3) we find 


v = vp +x(v_ — vy) = 0.0011 + (0.85) (0.3071 — 0.0011) = 0.2612 


(b) We must interpolate to find the values for v, and оу. Using entries at 220°C and 230°C, we determine 


1 
V, = (a) (0.07159 — 0.08620) + 0.08620 = 0.08474 ay = 0.00120 


Using (2.3) v = 0.00120 + (0.85)(0.08474 — 0.00120) = 0.07221 m?/kg. 


Ten pounds of steam is contained in a volume of 50 ft^. Find the quality and the pressure if the 
temperature is 263 ^F. 


The temperature is not a direct entry in Table C-1E. We interpolate between temperatures of 260 °F and 
270°F to find 


3 
v, = 9 (10.066 — 11.768) + 11.768 = 11.257 v, = 0.017 


From the given information we calculate 


V 50 


расы к 3 
= =; 5.0 ft? /Ibm 
The quality is found from (2.3) as follows: 
5 = 0.017 + x(11.257 — 0.017) г.х = 0.4433 


The pressure is interpolated to be 


P= (%) (41.85 — 35.42) + 35.42 = 37.35 psia 
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2.4 


2.5 


2.6 


2.7 


Saturated water occupies a volume of 1.2 m?. Heat is added until it is completely vaporized. If the 
pressure is held constant at 600 kPa, calculate the final volume. 


The mass is found, using v; from Table C-2, to be 


V 1.2 


When completely vaporized, the specific volume will be v,, so that 


V = mv, = (1091)(0.3157) = 344.4 m? 


Water is contained in a rigid vessel of 5 m? at a quality of 0.8 and a pressure of 2 MPa. If the 
pressure is reduced to 400 kPa by cooling the vessel, find the final mass of vapor m, and mass of 


The initial specific volume is found, using data from Table C-2, to be 
v = vg x(V — vy) = 0.00118 + (0.8)(0.09963 — 0.00118) = 0.07994 m?/kg 


Since the vessel is rigid, the specific volume does not change. Hence the specific volume at a pressure of 
400 kPa is also 0.07994. We can then find the quality as follows: 


0.07994 = 0.0011 + x(0.4625 — 0.0011) <z. x = 0.1709 
The total mass of water is 


V 5 


v 0.07994 


— 62.55 kg 


Now (2.2) gives the mass of vapor: m, — xm — (0.1709)(62.55) — 10.69 kg. The mass of liquid is then 


ту =m — m, = 62.55 — 10.69 = 51.86 kg 


Water exists at the critical point in a rigid container. The container and water are cooled until a 
pressure of 10 psia is reached. Calculate the final quality. 


The initial specific volume as found in Table C-2E at a pressure of 3203.6 psia is vj = 0.05053 ft^ /Ibm. 
Since the container is rigid, the specific volume does not change. Hence, at Р, = 10 psia we have 


0 = 0.05053 = 0.01659 + x5(38.42 — 0.01659) 2. X2 = 0.000884 


This shows that the final state is very close to the saturated liquid line. 


Two kilograms of R134a is contained in a piston-cylinder arrangement, as sketched in Fig. 2-1. 
The 20-mm-dia, 48-kg piston is allowed to rise freely until the temperature reaches 160°C. 
Calculate the final volume. 


The absolute pressure inside the cylinder results from the atmospheric pressure and the weight of the 
piston: 


(48) (9.81) 


+ = 1.60 x 10° Pa or 1.6 MPa 
т(0.02)7/4 


P= Ру + = 100 000 + 


At this pressure and a temperature of 160°C, the R134a is superheated. From Table D-3 the specific volume 
is v = 0.0217 m?/kg. The volume is then 


V = mv = (2)(0.0217) = 0.0434 m? 
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2.8 A mass of 0.01 kg of steam at a quality of 0.9 is contained in the cylinder shown in Fig. 2-7. The 
spring just touches the top of the piston. Heat is added until the spring is compressed 15.7 cm. 
Calculate the final temperature. 


Z 


К = 50 kN/m 
160 kg 
H 
+ 20 cm - 
Fig. 2-7 


The initial pressure in the cylinder is due to the atmospheric pressure and the weight of the piston: 


(1608.80 _ 150000 Pa or 0.150 MPa 
т(0.2)7/4 


The initial specific volume is found by interpolating in Table С-2: 


W 
Р = Pam + > 100000 + 


v = vp + x(vgv p) = 0.0011 + (0.9)(1.164 — 0.0011) = 1.048 m3/kg 


The initial volume contained in the cylinder is У = vm = (1.048)(0.01) = 0.01048 m°. The height H can 
now be calculated as follows: 


2 2 
и = тан 0.01048 = 722) 


Н г. Н = 0.334 m 


The final volume is then 


nd (0.2) 3 
V, = "2 (H+0.157) =" (0.334 + 0.157) = 0.01543 т 


The final specific volume is 


_ Vy 0.01543 — 3 
w= 00 a 1.543 m°/kg 
The final pressure is 
K. 500 15 
Py = Р, + — = 150000 4 099000157) 00 Pa ог0.40 MPa 
та“ /4 т(0.2)°/4 


This pressure and specific volume allow us to determine the temperature. It is obviously greater than the last 
table entry of 800°C in the superheat table. We can extrapolate or use the ideal-gas law: 


E Pv _ (400) (1.543) = o 
R 0.4615 1337 К or 1064°C 


Т, 
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2.9 Estimate the difference between the weight of air in a room that measures 20 x 100 x 10 ft in the 


2.10 


2.11 


2.12 


2.13 


2.14 


2.15 


2.16 


2.17 


summer when T = 90°F and the winter when T = 10°F. Use P = 14 psia. 


The masses of air in the summer and winter are 


PV  (14)(144)|(20) (100) (10)} 


= 1375.4 lb 
"= ВТ (53.3)(90 + 460) » 


m 


(14) (144)[(20) (100) (10)] 


Ny = 


The difference in the two masses is Am = 1609.5 — 1375.4 = 234.1 Ibm. Assuming a standard gravity the 
weight and mass are numerically equal, so that AW = 234.1 Ibf. 


A pressurized can contains air at a gage pressure of 40 psi when the temperature is 70°F. The can 
will burst when the gage pressure reaches 200 psi. At what temperature will the can burst? 


We will assume the volume to remain constant as the temperature increases. Using (2.9), we can solve 
for V and write 


mRT, mRT), 
y= = 


Р, Р, 
Since m апа R are constant, 

T Ty 

Р, P, 


Using absolute values for the pressure and temperature, we find that 


Р 200 + 14.7)(144 
7, = 7, 2 = (704.460) 200+ a) 


P, (4014.7) 144) — СОЕ 


Supplementary Problems 


Using the steam tables C-1 and C-2 in the appendix, plot to scale the (a) P-v, (b) P-T, and (c) T-v diagrams. 
Choose either a linear-linear plot or a log-log plot. Note the distortions of the various figures in Sections 2.2 
and 2.3. Such distortions are necessary if the various regions are to be displayed. 


Calculate the specific volume for the following situations: (a) water at 200°C, 80% quality; (b) R134a at —40°C, 
90% quality. 


If the quality of each of the following substances is 80%, calculate the specific volume: (a) Water at 500 psia 
and (b) R134a at 80 psia. 


Five kilograms of steam occupies a volume of 10 m?. Find the quality and the pressure if the temperature is 
measured at (а) 40°C and (р) 86°C. 


Determine the final volume of a mixture of water and steam if 3 kg of water is heated at a constant pressure 
until the quality is 60 percent. The pressure is (а) 25 kPa and (5) 270 kPa. 


Two kilograms of saturated water at 125 kPa is completely vaporized. Calculate the volume: (a) before and (b) after. 


The temperature of 10 Ib of water is held constant at 205 °F. The pressure is reduced from a very high value 
until vaporization is complete. Determine the final volume of the steam. 
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2.22 


2.23 


2.24 


2.25 


2.26 
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A rigid vessel with a volume of 10 m? contains a water-vapor mixture at 400 kPa. If the quality is 
60 percent, find the mass. The pressure is lowered to 300 kPa by cooling the vessel; find m, and m ;. 


Steam with a quality of 0.85 is contained in a rigid vessel at a pressure of 200 kPa. Heat is then added until 
the temperature reaches (а) 400°C and (P) 140°C. Determine the final pressures. 


A rigid vessel contains water at 400°F. Heat is to be added so that the water passes through the critical 
point. What should the quality be at the temperature of 440^F? 


Steam is contained in a sealed glass container at 100°C. As it is cooled, vapor droplets are noted condensing 
on the sidewalls at 20°C. Find the original pressure in the container. 


Two kilograms of water is contained in a piston-cylinder arrangement by a 16 000-kg, 2-m-diameter, friction- 
less piston. See Fig. 2-1. Heat is added until the temperature reaches (a) 400°C, (b) 650°C, and (c) 140°C. 
Calculate the final volume. 


Two kilograms of steam at a quality of 0.80 is contained in the volume shown (Fig. 2-8). A spring is then 
brought in contact with the top of the piston and heat is added until the temperature reaches 500°C. 
Determine the final pressure. (The force in the spring is Kx, where x is the displacement of the spring. 
This results in a trial-and-error solution.) 


ГЛ 
К = 500 kN/m 
Frictionless 
hi piston 
16000kg 1 


k 2m >| 
Fig. 2-8 


Determine the volume occupied by 10 kg water at a pressure of 10 MPa and a temperature of (a) 5°C, 
(b) 200°C, (с) 400°C, (d) 800°C, (е) 1500 °C, and (f) —10°C. 


For air at 100 psia and 60°F calculate (a) the density, (b) the specific volume, (с) the specific weight if 
g = 32.1 ft/sec”, and (d) the mass contained in 200 ft?. 


Provide the missing information for air at an elevation where g — 9.82 m/s?. 


P (kPa) 
100 
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2.27 


2.28 


2.29 


2.30 


2.31 


2.32 


2.33 


2.1FE 


2.2FE 


2.3FE 


2.4FE 


Assuming the atmosphere to be isothermal at an average temperature of —20°C, determine the pressure 
at elevations of (а) 3000 m and (P) 10 000 m. Let P = 101 kPa at the earth’s surface. Compare with measured 
values of 70.1 kPa and 26.5 kPa, respectively, by calculating the percent error. 


(a) Assuming the temperature in the atmosphere to be given by T = 15 —0.00651z°C, determine the 
pressure at an elevation of 10 km. Let P = 101 kPa at sea level. (Р) Compare the result of (a) with a measured 
value of 26.5 kPa by calculating the percent error. 


The gage pressure reading on an automobile tire is 35 psi when the temperature is 0^F. The automobile 
is driven to a warmer climate where the temperature increases to 150°F on the hot asphalt. Estimate the 
increased pressure in the tire. 


Nitrogen is contained in a 4-m’ rigid vessel at a pressure of 4200 kPa. Determine the mass if the temperature 
is (a) 30°C and (b) —120°C. 


Estimate the pressure of nitrogen at a temperature of 220 К and a specific volume of 0.04 m?/kg using (a) the 
ideal-gas equation, (b) the van der Waals equation, (c) the Redlich-K wong equation, and (d) the compres- 
sibility factor. 


Ten kilograms of 600°C steam is contained in a 182-liter tank. Find the pressure using (a) the ideal-gas 
equation, (5) the van der Waals equation, (c) the Redlich-K wong equation, (d) the compressibility factor, 
and (e) the steam tables. 


Steam at 300°C has a density of 7.0 kg/m*. Find the pressure using (a) the ideal-gas equation, (b) the van 
der Waals equation, (c) the Redlich-K wong equation, (d) the compressibility factor, and (e) the steam 
tables. 


Review Questions for the FE Examination 


The phase change from a liquid to a vapor is referred to as: 
(A) vaporization 

(B) condensation 

(C) sublimation 

(D) melting 


The point that connects the saturated liquid line to the saturated vapor line is called the: 
(A) triple point 

(B) critical point 

(C) superheated point 

(D) compressed liquid point 


Find the volume occupied by 4 kg of 200°C steam. 
(A) 0.04 m? 

(B) 0.104 m? 

(C) 0.410 m? 

(D) 4.10 m? 


Estimate the volume occupied by 10 kg of water at 200°C and 2 MPa. 
(A) 0.099 m? 

(B) 0.012 m? 

(С) 9.4L 

(D) IL8L 
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Saturated steam is heated in a rigid tank from 50°C to 250°C. Estimate the final pressure. 
(A) 20 kPa 
(В) 27 kPa 
(C) 33 kPa 
(D) 44 kPa 


A 10-L tank holds 0.1 L of liquid water and 9.9 L of steam at 300^C. What is the quality? 
(A) 43% 
(B) 61% 
(C) 769^ 
(D) 86% 


Water at 50 percent quality is heated at constant volume from Р = 100 kPa to Т, = 200°C. What is P5? 
(A) 162 kPa 

(B) 216 kPa 

(C) 1286 kPa 

(D) 485 kPa 


A vertical circular cylinder holds 1 cm of liquid water and 100 cm of vapor. If P — 200 kPa, the quality 
is nearest: 

(A) 1.02% 

(B) 10.7% 

(C) 40.6% 

(D) 80.3% 


Find the quality of steam at 120°C if the vapor occupies 1200 L and the liquid occupies 2 L. 
(A) 42% 

(B) 2896 

(C) 18% 

(D) 2% 


Select the correct T-v diagram if steam at v; = 0.005 m?/kg is heated to v; = 0.5 m*/kg while maintaining 
P — 500 kPa. The dots are states 1 and 2 with 1 being on the left. 


T T T 


2.11FE 


2.12FE 


(A) (B) (C) (D) 


Steam exists in a volume at 288°C and 2 MPa. Estimate the specific volume. 
(A) 0.1221 m?/kg 
(B) 0.1148 m?/kg 
(C) 0.1192 m?/kg 
(D) 0.1207 m?/kg 


Calculate the mass of air in a tire with a volume of 0.2 m? if its gage pressure is 280 kPa at 25°C. 
(A) 7.8 kg 

(B) 0.888 kg 

(C) 0.732 kg 

(D) 0.655 kg 
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2.13FE The mass of nitrogen at 150 К and 2 MPa contained in 0.2 m? is nearest: 


(A) 10.2 kg 
(B) 8.89 kg 
(C) 6.23 kg 
(D) 2.13 kg 


2.14FE Estimate the temperature of 2 kg of air contained in a 40-L volume at 2 MPa. 


2.15FE Find the mass of air in the volume shown in Fig. 2-9 


(A) 120K 
(B) 140K 
(C) 160K 
(D) 180K 


if T = 20°C and the frictionless piston has a mass Piston 
of 75 kg. | 
(A) 0.0512 kg 

(B) 0.0256 kg Air 50 mm 


(C) 0.0064 kg i) 
(D) 0.0016 kg 


Fig. 2-9 


2.16FE Estimate the difference in density between the inside and outside of a house in the winter when P = 100 kPa 


2.12 
2.13 
2.14 
2.15 
2.16 
2.17 
2.18 
2.19 
2.20 
2.21 
2.22 
2.23 
2.24 
2.25 
2.26 


2.27 
2.28 
2.29 


and Tijg, = 20°C апа Toutside = —20°C. (This difference leads to air exchange between the inside and 
outside.) 

(A) 0.188 kg/m? 

(B) 0.165 kg/m? 

(C) 0.151 kg/m? 

(D) 0.092 kg/m? 


Answers to Supplementary Problems 


(а) 0.1022 m3/kg (Б) 0.3213 m?/kg 

(a) 0.7466 f /Ibm (Р) 0.4776 ft?/Ibm 

(а) 0.1024, 7.383 kPa (Б) 0.7312, 60.3 kPa 

(a)ll.6m? (b) 1.24 n? 

(а) 0.002m? (Б) 2.76 m? 

307.2 ft? 

35.98 kg, 16.47 kg, 19.51 kg 

(а) 415 kPa (5) 269 kPa 

0.01728 

47.9 kPa 

(a) 4.134 m? (р) 5.678 т? (c) 2.506 m? 

220 kPa 

(a) 0.00996 m? (Р) 0.0115 m? (с) 0.2641 m? (а) 0.4859 m? (е) 0.8182 т? (7) 0.01089 m? 
(а) 0.5196 Ibm/ft? (b) 1.925 f/Ibm (с) 0.518 Ibf/ft? (а) 103.9 Ibm 


(а) 0.8409, 1.189, 11.68 (5) 53.53, 0.5, 4.91 (c) —98.8, 10, 98.2 (а) 393.4, 0.491, 2.037 
(e) 75.4, 0.5, 19.64 


(а) 67.3 kPa, -3.99% (b) 26.2 kPa, -1.13% 
(а) 26.3 kPa (b) —0.74% 
51.2 psig 
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2.30 (а) 0.1867 kg (Б) 0.3697 kg 

2.31 (a) 1630 kPa (5) 1580 kPa (с) 1590 КРа (а) 1600 kPa 

2.32 (а) 222 MPa (Б) 19.3 MPa (с) 19.5 MPa (а) 19.5 MPa (е) 20 MPa 
2.33 (а) 1851 kPa (Б) 1790 kPa (с) 1777 КРа (d) 1780 kPa (е) 1771 kPa 


Answers to Review Questions for the FE Examination 


2.1FE (А) 2.2ЕЕ (В) 2.3ЕЕ (С) 2.4ЕЕ (С) 2.5FE(A) 2.6FE(D) 2.7FE(C) 2.8ЕЕ (В) 2.9ЕЕ (А) 
2.10FE (А) 2.11FE (А) 2.12ЕЕ (В) 2.13ЕЕ (А) 2.14ЕЕ (С) 2.15ЕЕ (D) 2.16ЕЕ (A) 


Work and Heat 


3.1 INTRODUCTION 


In this chapter we will discuss the two quantities that result from energy transfer across the bound- 
ary of a system: work and heat. This will lead into a presentation of the first law of thermodynamics. 
Work will be discussed in detail and will be calculated for several common situations. Heat, however, is a 
quantity that requires substantial analysis for its calculation. In most engineering programs the subject 
of heat transfer is covered in a separate course. In thermodynamics, heat is either a given quantity or it is 
calculated as an unknown in an algebraic equation. 


3.2 DEFINITION OF WORK 


The term work is so broad that we must be very particular in a technical definition. It must include, 
for example, the work done by expanding exhaust gases after combustion occurs in the cylinder of an 
automobile engine, as shown in Fig. 3-1. The energy released during the combustion process is trans- 
ferred to the crankshaft by means of the connecting rod, in the form of work. Thus, in this example, 
work can be thought of as energy being transferred across the boundary of a system, the system being the 
gases in the cylinder. 

Work, designated W, is often defined as the product of a force and the distance moved in the 
direction of the force. This is a mechanical definition of work. A more general definition of work is 
the thermodynamic definition: Work, an interaction between a system and its surroundings, is done by a 
system if the sole external effect on the surroundings could be the raising of a weight. The magnitude of 
the work is the product of the weight and the distance it could be lifted. Figure 3-2b shows that the 
interaction of Fig. 3-2a qualifies as work in the thermodynamic sense. 

The convention chosen for positive work is that if the system performs work on the surroundings 
it is positive. A piston compressing a fluid is doing negative work, whereas a fluid expanding against 
a piston is doing positive work. The units of work are quickly observed from the units of a force 
multiplied by a distance: in the SI system, newton-meters (N-m) or joules (J); in the English system, 
ft-Ibf. 

The rate of doing work, designated W, is called power. In the SI system, power has units joules per 
second (J/s), or watts (W); in the English system, ft-Ibf/sec. We will find occasion to use the unit of 
horsepower because of its widespread use in rating engines. To convert we simply use 1 hp — 0.746 kW 
= 550 ft-Ibf/sec. 


4l 
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Velocity <—— 


Cylinder 
Connecting rod 


Resistance 


a System boundary | 


nm =| 


y- System boundary 


PA —] | езшш с ше сач 
(а) (b) 


Battery 


Fig. 3-2 Work being done by electrical means. 


The work associated with a unit mass will be designated w (not to be confused with specific weight): 


w= — (3.1) 
т 
A final general comment concerning work relates to the choice of the system. Note that if the system 
in Fig. 3-2 included the entire battery-resistor setup in part (a), or the entire battery-motor-pulley-weight 
setup in part (b), no energy would cross the system boundary, with the result that no work would be 
done. The identification of the system is very important in determining work. 


3.3 QUASIEQUILIBRIUM WORK DUE TO A MOVING BOUNDARY 


There are a number of work modes that occur in various engineering situations. These include the 
work needed to stretch a wire, to rotate a shaft, to move against friction, to cause a current to flow 
through a resistor, and to charge a capacitor. Many of these work modes are covered in other courses. 
In this book we are primarily concerned with the work required to move a boundary against a pressure 
force. 

Consider the piston-cylinder arrangement shown in Fig. 3-3. There is a seal to contain the gas in 
the cylinder, the pressure is uniform throughout the cylinder, and there are no gravity, magnetic, or 
electric effects. This assures us of a quasiequilibrium process, one in which the gas is assumed to pass 
through a series of equilibrium states. Now, allow an expansion of the gas to occur by moving the 
piston upward a small distance ds. The total force acting on the piston is the pressure times the area of 
the piston. This pressure is expressed as absolute pressure since pressure is a result of molecular 
activity; any molecular activity will yield a pressure which will result in work being done when the 
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boundary moves. The infinitesimal work which the system (the gas) does on the surroundings (the 
piston) is then the force multiplied by the distance: 


6W = PA ds (3.2) 


The symbol óW will be discussed shortly. The quantity Ads is simply dV, the differential volume, 
allowing (3.2) to be written in the form 


86W = Рау (3.3) 


As the piston moves from some position s, to another position 8», the above expression сап be integrated 
to give 


Vy 
Wise J Рау (3.4) 
Vi 


where we assume the pressure is known for each position as the piston moves from volume V, to volume V). 
Typical pressure-volume diagrams are shown in Fig. 3-4. The work W,_, 15 the crosshatched area under the 
P-V curve. 

Consideration of the integration process highlights two very important features in (3.4). First, as 
we proceed from state 1 to state 2, the area representing the work is very dependent on the path that we 
follow. That is, states 1 and 2 in Fig. 3-4(a) and (р) are identical, yet the areas under the P-V curves are 
very different; in addition to being dependent on the end points, work depends on the actual path that 
connects the two end points. Thus, work is a path function, as contrasted to a point function, which is 
dependent only on the end points. The differential of a path function is called an inexact differential, 
whereas the differential of a point function is an exact differential. An inexact differential will be 
denoted with the symbol 6. The integral of 6W 15 W; 5», where the subscript emphasizes that the 
work is associated with the path as the process passes from state 1 to state 2; the subscript may be 


(a) (b) 


Fig. 3-4 Work depends on the path between two states. 
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omitted, however, and work done written simply as W. We would never write W, or W3, since work is not 
associated with a state but with a process. Work is not a property. The integral of an exact differential, 
for example dT, would be 


Т, 
f dT =T, Т, (3.5) 
Ti 


where Т) is the temperature at state 1 and Т, is the temperature at state 2. 

The second observation to be made from (3.4) is that the pressure is assumed to be constant 
throughout the volume at each intermediate position. The system passes through each equilibrium 
state shown in the P-V diagrams of Fig. 3-4. An equilibrium state can usually be assumed even though 
the variables may appear to be changing quite rapidly. Combustion is a very rapid process that cannot 
be modeled as a quasiequilibrium process. The other processes in the internal combustion engine (expan- 
sion, exhaust, intake, and compression) can be assumed to be quasiequilibrium processes; they occur at a 
slow rate, thermodynamically. 

As a final comment regarding work we may now discuss what is meant by a simple system, as defined 
in Chapter 1. For a system free of surface, magnetic, and electrical effects the only work mode is that due 
to pressure acting on a moving boundary. For such simple systems only two independent variables are 
necessary to establish an equilibrium state of the system composed of a homogeneous substance. If other 
work modes are present, such as a work mode due to an electric field, then additional independent 
variables would be necessary, such as the electric field intensity. 


EXAMPLE 3.1 One kg of steam with a quality of 20 percent is heated at a constant pressure of 200 kPa until 
the temperature reaches 400°C. Calculate the work done by the steam. 
Solution: The work is given by 


W= PdV = P(V; — Vj) =m P(v, — vi) 


To evaluate the work we must determine v; and v. Using Table C-2 we find 
vı — vp + x(v, — vy) =0.001061 + (0.2)(0.8857 — 0.001061) = 0.1780 т? /Ке 
From the superheat table we locate state 2 at T; = 400 °С and Р, = 0.2 MPa: 
v; = 1.549 m3/kg 
The work is then 
W = (1)(200) (1.549 — 0.1780) = 274.2 kJ 


Note: With the pressure having units of kPa, the result is in kJ. 


EXAMPLE 3.2 A 110-mm-diameter cylinder contains 100 cm? of water at 60°C. A 50-kg piston sits on top of 
the water. If heat is added until the temperature is 200°C, find the work done. 

Solution: The pressure in the cylinder is due to the weight of the piston and remains constant. Assuming a 
frictionless seal (this is always done unless information is given to the contrary), a force balance provides 


(0.110)? 


mg= PA — Pym A (50)(9.81) = (P — 100000) 2. P=151 600 Pa 


The atmospheric pressure is included so that absolute pressure results. The volume at the initial state 1 is 
given as 


V; = 100 x 10 5—10^*m? 


CHAP. 3] WORK AND HEAT 45 


Using v; at 60°C, the mass is calculated to be 


Vi 1074 
Dor ooa о.м 


At state 2 the temperature is 200°C and the pressure is 0.15 MPa (this pressure is within 1 percent of the pressure 
of 0.1516 MPa, so it is acceptable). The volume is then 
V; = mv; = (0.09833) (1.444) = 0.1420 m? 
Finally, the work is calculated to be 
W = P(V, — Vi) = 151 (600) (0.1420 — 0.0001) = 21 500 J or 21.5 kJ 


EXAMPLE З.З Energy is added to a piston-cylinder arrangement, and the piston is withdrawn in such a way 
that the quantity PV remains constant. The initial pressure and volume are 200 kPa and 2 m°, respectively. If 
the final pressure is 100 kPa, calculate the work done by the gas on the piston. 

Solution: The work is found from (3.4) to be 


ү ә С 
m= f ғау- | ^ qv 
2 p Ww 


where we have used PV — C. To calculate the work we must find C and V5. The constant C is found from 
C= Р ү = (200)(2) = 400 kJ 


To find V; we use P; V; = Ру V;, which is, of course, the equation that would result from an isothermal process 
(constant temperature) involving an ideal gas. This can be written as 
P,V,  (200)(2) 


ЕК xd = 3 
Оол 


Finally, 


4 
Wi- [5 00 Е 4003 —277kl 


This is positive, since work is done during the expansion process by the system (the gas contained in ће 
cylinder). 


EXAMPLE 3.4 Determine the horsepower required to overcome the wind drag on a modern car traveling 90 km/h 
if the drag coefficient Cp is 0.2. The drag force is given ty Ер= 5 19V? AC p where A is the projected area of the car 
and 1/ is the velocity. The density p of air is 1.23 kg/m^. Use A—2.3 m? 

Solution: To find the drag force on a car we must express the selon in m/s: V= (90)(1000/3600) = 25 m/s. 
The drag force is then 


Fp= о = Ө (1.23)(252)(2.3)(0.2) =177N 


To move this drag force at 25 m/s the engine must do work at the rate 
W = Fp =(177)(25) = 4425 W 
The horsepower is then 


4425 W 


ONG MES қ 
746 W /һр 4 
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Gas Vacuum 


(а) (b) 


Fig. 3-5 Nonequilibrium work. 


3.4 NONEQUILIBRIUM WORK 


It must be emphasized that the area on a Р-У diagram represents the work for a quasiequilibrium 
process only. For nonequilibrium processes the work cannot be calculated using fP dV; either it must be 
given for the particular process or it must be determined by some other means. Two examples will be 
given. Consider a system to be formed by the gas in Fig. 3-5. In part (a) work is obviously crossing the 
boundary of the system by means of the rotating shaft; yet the volume does not change. We could 
calculate the work input by multiplying the weight by the distance it dropped, neglecting friction in the 
pulley system. This would not, however, be equal to fP dV, which is zero. The paddle wheel provides us 
with a nonequilibrium work mode. 

Suppose the membrane in Fig. 3-5b ruptures, allowing the gas to expand and fill the evacuated 
volume. There is no resistance to the expansion of the gas at the moving boundary as the gas fills the 
volume; hence, there is no work done. Yet there is a change in volume. The sudden expansion is a 
nonequilibrium process, and again we cannot use fP dV to calculate the work. 


EXAMPLE 3.5 А 100-kg mass drops 3 m, resulting in an increased volume in the cylinder of 0.002 m? (Fig. 3-6). 
The weight and the piston maintain a constant gage pressure of 100 kPa. Determine the net work done by the gas 
on the surroundings. Neglect all friction. 

Solution: The paddle wheel does work on the system, the gas, due to the 100-kg mass dropping 3 m. That 
work is negative and is 


W= —(F)(d) = — (100)(9.81)(3) = — 29407 
The work done by the system on this frictionless piston is positive since the system is doing the work. It is 
W = (PA)(h) = PAV = (200 000) (0.002) = 400 J 


where absolute pressure has been used. The net work done is thus 


Waet = — 2940+ 400 = — 2540 J 
wW 
Loo E 
Gas 
100 kg 


Fig. 3-6 
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Fig. 3-7 Work due to a rotating shaft transmitting torque. 


3.5 OTHER WORK MODES 


Work transferred by a rotating shaft (Fig. 3-7) is a common occurrence in mechanical systems. The 
work results from the shearing forces due to the shearing stress т, which varies with the radius over the 
cross-sectional area, moving with angular velocity w as the shaft rotates. The shearing force is 


dF —TdA = r(2ar dr) (3.6) 


The linear velocity with which this force moves is rw. Hence, the rate of doing work is 


R R 
w= ] ræ ar - | (rw) (22r) dr = эле | тг? dr (3.7) 
A 0 0 
where В is the radius of the shaft. The torque T is found from the shearing stresses by integrating over 
the area: 
R 
T= / rdF=2n | tr dr (3.8) 
A 0 

Combining this with (3.7) above, the work rate is 

W-To (3.9) 


To find the work transferred in a given time, we simply multiply (3.9) by the number of seconds: 
W=To At (3.10) 


Of course, the angular velocity must be expressed in rad/s. 
The work necessary to stretch a linear spring (Fig. 3-8) with spring constant К from a length x, to x2 
can be found by using the relation 


Е-Кх (3.11) 
where x is the distance the spring is stretched from the unstretched position. Note that the force is 


dependent on the variable x. Hence, we must integrate the force over the distance the spring is stretched; 
this results in 


x2 2 1 
w= / ғ«- | Kx dx= 5 K(3 — х1) (3.12) 
x 


X 
x 


Unstretched 
position 


ER 


N 


Fig. 3-8 Work needed to stretch a spring. 
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Current 
і-->- 


Battery ү К < Resistance 


Fig. 3-9 Work due to a current flowing through a resistor. 


As a final type let us discuss an electrical work mode, illustrated in Fig. 3-9. The potential difference 
V across the battery terminals is the “force” that drives the charge q through the resistor during the time 
increment At. The current i is related to the charge by 


dq 
[= — 3.13 
= (3.13) 
For а constant current the charge is 
quilt (3.14) 


The work, from this nonequilibrium work mode, is then given by the expression 
W=Vi At (3.15) 
The power would be the rate of doing work, or 
W=Vi (3.16) 


This relationship is actually used to define the electric potential, the voltage V, since the ampere is a 
base unit and the watt has already been defined. One volt is one watt divided by one ampere. 


EXAMPLE 3.6 The drive shaft in an automobile delivers 100 N-m of torque as it rotates at 3000 rpm. 
Calculate the horsepower delivered. 
Solution: The power is found by using W = То. This requires о to be expressed in rad/s: 


c) = (3000) (27) (а) = 314.2 rad/s 


Hence 
31 420 


М = То = (100)(314.2) = 31420 W огНр= === =42.1 hp 


EXAMPLE 3.7 Тһе air in a circular cylinder (Fig. 3-10) is heated until the spring is compressed 50 mm. Find 
the work done by the air on the frictionless piston. The spring is initially unstretched, as shown. 


Y 


K = 2500 N/m 


— 10 cm - 


Fig. 3-10 
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Solution: The pressure in the cylinder is initially found from a force balance: 
(0.1) (0.1)? 
4 4 


To raise the piston a distance of 50 mm, without the spring, the pressure would be constant and the work 
required would be force times distance: 


P\ A, = PamA + W Р, 


= (100000) 


+ (50)(9.81) Р = 162500 Ра 


т(0.1): 
4 


Using (3.12), the work required to compress the spring is calculated to be 


W = PA x d = (162 500) (0.05) = 63.81 J 


W= 54 -x)- Ө (2500)(0.052) = 3.125 J 


The total work is then found by summing the above two values: „а = 63.81 + 3.125 = 66.93 J. 


3.6 HEAT 


In the preceding section we considered several work modes by which energy is transferred 
macroscopically to or from a system. Energy can also be transferred microscopically to or from a 
system by means of interactions between the molecules that form the surface of the system and those 
that form the surface of the surroundings. If the molecules of the system boundary are more active 
than those of the boundary of the surroundings, they will transfer energy from the system to the 
surroundings, with the faster molecules transferring energy to the slower molecules. On this micro- 
scopic scale the energy is transferred by a work mode: collisions between particles. A force occurs 
over an extremely short time span, with work transferring energy from the faster molecules to the 
slower ones. Our problem is that this microscopic transfer of energy is not observable macroscopi- 
cally as any of the work modes; we must devise a macroscopic quantity to account for this micro- 
scopic transfer of energy. 

We have noted that temperature is a property which increases with increased molecular activity. 
Thus it is not surprising that we can relate microscopic energy transfer to the macroscopic property 
temperature. This macroscopic transfer of energy that we cannot account for by any of the macro- 
scopic work modes will be called heat. Heat is energy transferred across the boundary of a system 
due to a difference in temperature between the system and the surroundings of the system. A system 
does not contain heat, it contains energy, and heat is energy in transit. It is often referred to as heat 
transfer. 

To illustrate, consider a hot block and a cold block of equal mass. The hot block contains more 
energy than the cold block due to its greater molecular activity, that is, its higher temperature. When the 
blocks are brought into contact with each other, energy flows from the hot block to the cold one by 
means of heat transfer. Eventually, the blocks will attain thermal equilibrium, with both blocks arriving 
at the same temperature. The heat transfer has ceased, the hot block has lost energy, and the cold block 
has gained energy. 

Heat, like work, is something that crosses a boundary. Because a system does not contain heat, heat is 
not a property. Thus, its differential is inexact and is written as 6Q, where О is the heat transfer. For a 
particular process between state 1 and state 2 the heat transfer could be written as Qj. 2, but it will 
generally be denoted by Q. The rate of heat transfer will be denoted by Q. 

By convention, if heat is transferred to a system it is considered positive. If it is transferred from a 
system it is negative. This is opposite from the convention chosen for work; if a system performs work on 
the surroundings it is positive. Positive heat transfer adds energy to a system, whereas positive work 
subtracts energy from a system. A process in which there is zero heat transfer is called an adiabatic 
process. Such a process is approximated experimentally by insulating the system so that negligible heat is 
transferred. 
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| Rotating shaft 


Q 
Burner 


Fig. 3-11 Energy added to a system. 


It should be noted that the energy contained in a system may be transferred to the surroundings 
either by work done by the system or by heat transferred from the system. Thus, heat and work are 
quantitatively equivalent and are expressed in the same units. An equivalent reduction in energy is 
accomplished if 100 J of heat is transferred from a system or if 100 J of work is performed by a system. 
In Fig. 3-11 the burner illustrates heat being added to the system and the rotating shaft illustrates work 
being done on the system. 

It is sometimes convenient to refer to heat transfer per unit mass. Heat transfer per unit mass will be 
designated g and defined by 


(3.17) 


з 


EXAMPLE 3.8 А paddle wheel adds work to a rigid container by rotations caused by dropping а 50-kg weight 
a distance of 2 m from a pulley. How much heat must be transferred to result in an equivalent effect? 

Solution: For this non-quasiequilibrium process the work is given by W = (mg)(d) = (50)(9.8) (2) = 980 J. 
The heat Q that must be transferred equals the work, 980 J. 


There are three modes of heat transfer: conduction, convection, and radiation. Often, engineering 
designs must consider all three modes. Conduction heat transfer exists in a material due to the presence of 
temperature differences within the material. It can exist in all substances but is most often associated 
with solids. It is expressed mathematically by Fourier's law of heat transfer, which for a one-dimensional 
plane wall takes the form 


| АТ 
=kA— 
9 L 


where К is the thermal conductivity with units of W/m-K (Btu/sec-ft-°R), L is the thickness of the wall, 
AT is the temperature difference, and A is the wall area. Often, the heat transfer is related to the common 
R-factor, resistivity, given by Ry = L/k. 

Convection heat transfer exists when energy is transferred from a solid surface to a fluid in motion. It 
is a combination of energy transferred by both conduction and advection (energy transfer due to the bulk 
motion of the fluid); therefore, if there is no fluid motion, there is no convective heat trasfer. Convection 
is expressed in terms of the temperature difference between the bulk fluid temperature T4, and the 
temperature of the surface T,. Newton's law of cooling expresses this as 


(3.18) 


where A, is the convective heat transfer coefficient, with units of W/m?-K (Btu/sec-ft^-^ R), and depends on 
the properties of the fluid (including its velocity) and the wall geometry. Free convection occurs due to the 
temperature difference only, whereas forced convection results from the fluid being forced, as with a fan. 
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Radiation is energy transferred as photons. It can be transferred through a perfect vacuum or 
through transparent substances such as air. It is calculated using the Stefan—Boltzmann law and accounts 
for the energy emitted and the energy absorbed from the surroundings: 


Q =e0A(T* — Та) (3.20) 
where ø is the Stefan—Boltzmann constant (equal to 5.67 x 107 ® W/m? ‘K’), є 1s the emissivity (a number 


between 0 and 1 where e is 1 for a blackbody, a body that emits the maximum amount of radiation), and 
Turr is the uniform temperature of the surroundings. The temperatures must be absolute temperatures. 


EXAMPLE 3.9 A 10-m-long by 3-m-high wall is composed of an insulation layer with R=2 m?-K/W and a 
wood layer with R=0.15 m? -K/W. Estimate the heat transfer rate through the wall if the temperature difference 
is 40°C. 
Solution: The total resistance to heat flow through the wall is 
Коа = Rinsulation F Rwood =2+0.5=2.5 m-K/W 
The heat transfer rate is then 


es І 
О ЕЛО 15004 
total 25 


Note that AT measured in °С is the same as AT measured in kelvins. 


EXAMPLE 3.10 The heat transfer from а 2-m-diameter sphere to a 25°C air stream over a time interval of one 
hour is 3000 kJ. Estimate the surface temperature of the sphere if the heat transfer coefficient is 10 W/m^K. 
Solution: The heat transfer is 


Q —h,A(T, — T4) At or 3 x 106 — 10 x 4r x 1°(T, — 25) x 3600 
The surface temperature is calculated to be 
ПИЕ 016666) 


Note that the surface area of a sphere is 477°. 


EXAMPLE 3.11 Estimate the rate of heat transfer from a 200°C sphere which has an emissivity of 0.8 if it is 
suspended in a cold volume maintained at — 20°C. The sphere has a diameter of 20 cm. 
Solution: The rate of heat transfer is given by 


О =coA(T* — Т2.) =0.8 х 5.67 x 1078 x 4r x 0.17(4734 — 253^) = 262 J/s 


Solved Problems 


3.4 Four kilograms of saturated liquid water is maintained at a constant pressure of 600 kPa while 
heat is added until the temperature reaches 600°C. Determine the work done by the water. 


The work for a constant-pressure process is W= [PdV = P(V; — V,)=mP(v — vi). Using entries from 
Table C-2 and Table C-3, we find 


W = (4)(600) (0.6697 — 0.0011) = 1605 kJ 
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Piston 


Water vapor 


k — 100 mm | 


Fig. 3-12 


The frictionless piston shown in Fig. 3-12 has a mass of 16 kg. Heat is added until the temperature 
reaches 400 ^C. If the initial quality is 20 percent, find (a) the initial pressure, (b) the mass of 
water, (c) the quality when the piston hits the stops, (d) the final pressure, and (e) the work done 
on the piston. 


(a) 


(b) 


(c) 


(4) 


(е) 


A force balance on the piston allows us to calculate the initial pressure. Including the atmospheric 
pressure, which is assumed to be 100 kPa, we have 


(0.1)? 
4 
-. P, 2120000 Ра or 120 kPa 


(0.1)? 
4 


РА = W- Pa A P, = (16)(9.81) + (100000) 


To find the mass, we need the specific volume. Using entries from Table C-2, we find 
vi = vg + x(V — vy) = 0.001 + (0.2)(1.428 — 0.001) = 0.286 m?/kg 


The mass is then 


(0.1)? (x 


келише = 


) = 0.001373 kg 


When the piston just hits the stops, the pressure is still 120 kPa. The specific volume increases to 


(0.1)? / 0.08 3 


The quality is then found as follows, using the entries at 120°C: 
0.458 = 0.001 + x2 (1.428 — 0.001) <. x2 = 0.320 or 32.0% 


After the piston hits the stops, the specific volume ceases to change since the volume remains constant. 
Using Т; = 400°C and о; = 0.458, we can interpolate in Table C-3, between pressure 0.6 MPa and 0.8 MPa 
at 400°C, to find 


( 0.5137 — 0.458 
== 


орос УЗБ (0.8 — 0.6) + 0.6 = 0.686 MPa 


There is zero work done оп the piston after it hits the stops. From the initial state until the piston hits 
the stops, the pressure is constant at 120 kPa; the work is then 


W = P(v; — vj)m = (120)(0.458 — 0.286) (0.001373) = 0.0283 kJ or 28.3 J 
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3.3 


3.4 


3.5 


Air is compressed in a cylinder such that the volume changes from 100 to 10 in?. The initial 
pressure is 50 psia and the temperature is held constant at 100°F. Calculate the work. 


The work is given by W= f P dV. For the isothermal process the equation of state allows us to write 
PV = m RT = const. 


since the mass m, the gas constant А, and the temperature T are all constant. Letting the constant be Pj Vj, 
the above becomes P= P, Vj /V, so that 


№ dV ү, 100 10 
wenn | — рү In— = (50)(144 (15s)! igo = - 959 ner 
PT jw V 67 (50)(144) 1728) 100 


Six grams of air is contained in the cylinder shown in Fig. 3-13. The air is heated until the piston 
raises 50 mm. The spring just touches the piston initially. Calculate (a) the temperature when the 
piston leaves the stops and (b) the work done by the air on the piston. 


a) The pressure in the air when the piston just raises from the stops is found by balancing the forces on the 
р р J р у. g 
piston: 


Рт(0.2)? 


4 
<. Р= 193 700 Ра ог 193.7 kPa 


(0.2) 
РА = PASA +W = (100000) ---2-- + (300)(9.81) 


The temperature is found from the ideal-gas law: 


PV (193.7)(0.15)(т)(0.2)2/4 
T— nR^ (0.006)(0.287) AK 


(b) The work done by the air is considered to be composed of two parts: the work to raise the piston and 
the work to compress the spring. The work required to raise the piston a distance of 0.05 m is 


(0.2) 
4 


W =(F)(d) =(P)(A)(d) = (193.7) (0.05) =0.304 kJ 


The work required to compress the spring is W=4Kx°= 1 (400) (0.057) = 0.5 kJ. The total work 


required by the air to raise the piston is 


W =0.304+ 0.5 = 0.804 kJ 


1 
2 


Two kilograms of air experiences the three-process cycle shown in Fig. 3-14. Calculate the net 


work. 
@ 
400 kN/m 
K Frictionless piston 


(©) 
| Isotherm 


Air 150 mm 


+ 200 mm — — —^* 2 ТАЈА 


Fig. 3-13 Fig. 3-14 
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The work for the constant-volume process from state 1 to state 2 is zero since dV = 0. For the constant- 
pressure process the work is 
№, з = Jr dV = P(V3 — №) = (100)(10 — 2) = 800 kJ 


The work needed for the isothermal process is 


RT у dV 
Wa /Рау= [77 av-nnr | а пета 
V3 3 


To find МУ; | we need the temperature. It is found from state 3 to be 


т BV. (10010) 


Thus, the work for the constant-temperature process is 
W;_, = (2)(0.287)(1742) т = — 1609 kJ 


Finally, the net work is 
Wret = y? , + Wy_3+ W3_, = 800 — 1609 = —809 kJ 


The negative sign means that there must be a net input of work to complete the cycle in the order shown 
above. 


A paddle wheel (Fig. 3-15) requires a torque of 20 ft-Ibf to rotate it at 100 rpm. If it rotates 
for 20 sec, calculate the net work done by the air if the frictionless piston raises 2 ft during this time. 


500 lbf 


Air 


реа 


Fig. 3-15 


The work input by the paddle wheel is 


(100) (27) 


W= -To Аг= (—20 ft-lbf) | 


rad/sec | (20 sec) = — 4190 ft-lbf 


The negative sign accounts for work being done on the system, the air. The work needed to raise the piston 
requires that the pressure be known. It is found as follows: 


т(6) т(6)? 
РА = Pag A+ № P — (14.7) n + 500 ^. P=32.4 psia 
The work done by the air to raise the piston is then 
т(6)? 
W =(F)(d) = (P)(A)(d) = (32.4) 1 (2) = 1830 ft-lbf 


and the net work is Wnet = 1830 — 4190 = —2360 ft-lbf. 
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3.7 The force needed to compress a nonlinear spring is given by the expression F = 200x + 30x? М, 


3.8 


3.9 


3.10 


3.11 


3.12 


where x is the displacement of the spring from its unstretched length measured in meters. Determine 
the work needed to compress the spring a distance of 60 cm. 


The work is given by 


0.6 
W= f dx= n (200x + 30x?) dx = (100 x 0.62) + (10 х 0.8) 238.16 J 
0 


Supplementary Problems 
Two kilograms of saturated steam at 400 kPa is contained in a piston-cylinder arrangement. The steam is 


heated at constant pressure to 300°C. Calculate the work done by the steam. 


0.025 kg of steam at a quality of 10 percent and a pressure of 200 kPa is heated in a rigid container until the 
temperature reaches 200°C. Find (a) the final quality and (р) the work done by the steam. 


The frictionless piston shown in equilibrium has a mass of 64 kg (Fig. 3-16). Energy is added until the 
temperature reaches 220°C. The atmospheric pressure is 100 kPa. Determine (a) the initial pressure, (b) the 


initial quality, (c) the quality when the piston just hits the stops, (d) the final quality (or pressure if super- 
heat), (e) the work done on the piston. 


gr Stop 


И 
| ms | | 


Water vapor 36 mm 


— | 


[t — 200 mm 


Fig. 3-16 
Saturated water vapor at 180°C is contained in a piston-cylinder arrangement at an initial volume of 0.1 m°. 


Energy is added and the piston withdrawn so that the temperature remains constant until the pressure is 100 kPa. 
(a) Find the work done. (Since there is no equation that relates p and V, this must be done graphically.) 
(b) Use the ideal-gas law and calculate the work. 

(c) What is the percent error in using the ideal-gas law? 


A 75-lb piston and weights rest on a stop (Fig. 3-17). The volume of the cylinder at this point is 40 in^. Energy is 
added to the 0.4 Ibm of water mixture until the temperature reaches 300°F. Atmospheric pressure is 14 psia. 


Frictionless 


Weights 
Piston 


Stop 
Vapor 


Liquid 
Ж 4 
< 4 in. - 


Fig. 3-17 
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(a) What is the initial specific volume of the mixture of vapor and liquid? 
(b) What is the temperature in the cylinder when the piston just lifts off the stop? 


(c) Determine the work done during the entire process. 


Air is compressed in a cylinder such that the volume changes from 0.2 to 0.02 m°. The pressure at the 
beginning of the process is 200 kPa. Calculate the work if (a) the pressure is constant, and (b) the tempera- 
ture is constant at 50°C. Sketch each process on a P-V diagram. 


Air contained in a circular cylinder (Fig. 3-18) is heated until a 100-kg weight is raised 0.4 m. Calculate the 
work done by the expanding air on the weight. Atmospheric pressure is 80 kPa. 


p Frictionless 


A process for an ideal gas is represented by PV” = const., where n takes on a particular value for a given 
process. Show that the expression for the work done for a process between states 1 and 2 is given by 


Is this valid for an isothermal process? If not, determine the correct expression. 


The pressure in the gas contained in a piston-cylinder arrangement changes according to P =a + 30/V where 
P is in psi and V is in Ё. Initially the pressure is 7 psia and the volume is 3 ft). Determine the work done if 
the final pressure is 50 psia. Show the area that represents the work on a P-V diagram. 


Air undergoes a three-process cycle. Find the net work done for 2 kg of air if the processes are 


] — 2: constant-pressure expansion 
2 — 3: constant volume 
3 — 1: constant-temperature compression 


The necessary information is Т) = 100°C, 7 = 600°С, and P, = 200 kPa. Sketch the cycle on a P-V 


diagram. 


An unstretched spring is attached to a horizontal piston (Fig. 3-19). Energy is added to the gas until the 
pressure in the cylinder is 400 kPa. Find the work done by the gas on the piston. Use Р, = 75 kPa. 


2 
Frictionless 


222222227 


Fig. 3-19 
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3.19 


3.20 


3.21 


3.22 


3.23 


3.24 


3.25 


3.26 


3.27 


3.28 


3.29 


Air is expanded in a piston-cylinder arrangement at a constant pressure of 200 kPa from a volume of 0.1 m? 
to a volume of 0.3 m?. Then the temperature is held constant during an expansion of 0.5 m?. Determine the 
total work done by the air. 


A 30-ft-diameter balloon is to be filled with helium from a pressurized tank. The balloon is initially empty 
(т = 0) at an elevation where the atmospheric pressure is 12 psia. Determine the work done by the helium while 
the balloon is being filled. The pressure varies with radius according to P — 0.04(r — 30): + 12 where Р is in psi. 


Estimate the work necessary to compress the air in an air-compressor cylinder from a pressure of 100 kPa to 
2000 kPa. The initial volume is 1000 cm?. An isothermal process is to be assumed. 


An electric motor draws 3 A from the 12-V battery (Fig. 3-20). Ninety percent of the energy is used to spin 


the paddle wheel shown. After 50 s of operation the 30-kg piston is raised a distance of 100 mm. Determine 
the net work done by the gas on the surroundings. Use Р, = 95 kPa. 


Frictionless 
Piston 4 


Fig. 3-20 


A torque of 2 N-m is necessary to rotate a paddle wheel at a rate of 20 rad/s. The paddle wheel is located in a rigid 
vessel containing gas. What is the net work done on the gas during 10 min of operation? 


Estimate the work done by a gas during an unknown process. Data obtained that relates pressure and volume are: 


Wind is blowing at 80 kph around a 250-mm-diameter tower that is 100 m high. The drag coefficient is 0.4 
(see Example 3.4). Calculate the total force acting on the tower and the rate at which the wind does work on 
the tower. 


Derive an expression for the work required to stretch an unstretched length of wire a relatively small distance /. 
The force is related to the amount of stretch x by F= EAx/L, where L is the original length of the wire. A is 
the cross-sectional area, and E is a material constant, and modulus of elasticity. 


A linear spring with a free length of 0.8 ft requires a work input of 4 ft-Ibf to extend it to its maximum usable 
length. If the spring constant is 100 Ibf/ft, determine the maximum length of the spring. 


A linear spring requires 20 J of work to compress it from an unstretched length of 100 mm to a length 
of 20 mm. Find the spring constant. 


The force necessary to compress a nonlinear spring is given by F = 10x? М, where x is the distance the spring is 
compressed, measured in meters. Calculate the work needed to compress the spring from 0.2 to 0.8 m. 
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An automobile engine develops 100 hp, 96 percent of which is transferred to the driveshaft. Calculate the 
torque transferred by the driveshaft if it is rotating at 300 rpm. 


A paddle wheel is placed in a small creek in an attempt to generate electricity. The water causes the tip of the 
2-ft-radius paddles to travel at 4 ft/sec while a force of 100 Ibf acts at an average distance of 1.2 ft from the 
hub. Determine the maximum continuous amperage output which could be used to charge a bank of 12-V 
batteries. 


An electrical voltage of 110 V is applied across a resistor with the result that a current of 12 A flows through 
the resistor. Determine (a) the power necessary to accomplish this and (b) the work done during a period of 
10 min. 


A gasoline engine drives a small generator that is to supply sufficient electrical energy for a motor home. 
What is the minimum horsepower engine that would be necessary if a maximum of 200 A is anticipated from 
the 12-V system? 


A house has a 0.5-cm-thick single-pane glass window 2 m by 1.5 m. The inside temperature is 20°C and the 
outside temperature is — 20°C. If there is an air layer on both the inside and the outside of the glass each with 
ап R-factor of 0.1 m?-K/W, determine the heat transfer rate through the window if Кош = 1.4 W/m-K. 


An electronic gizmo with a surface area of 75 mm? generates 3 W of heat. It is cooled by convection to air 
maintained at 25°C. If the surface temperature of the gizmo cannot exceed 120°C, estimate the heat transfer 
coefficient needed. 


A 0.3-cm-diameter, 10-m-long copper wire has an emissivity of 0.04. Assuming heat transfer by radiation 
only, estimate the net rate of heat transferred to the 300-K surroundings if the wire is at 900 K. 


Review Questions for the FE Examination 


A person carries a 200-N weight from one end of a hall to the other end 100 m away. How much work has 
the person done? 

(А) 0J 

(B) 20J 

(С) 20 kJ 

(D) 20 kW 


Which work mode is a nonequilibrium work mode? 
(A) Compressing a spring 

(B) Transmitting torque with a rotating shaft 

(C) Energizing an electrical resistor 

(D) Compressing gas in a cylinder 


Ten kilograms of saturated steam at 800 kPa is heated at constant pressure to 400°C. The work required is: 
(A) 1150 kJ 

(B) 960 kJ 

(C) 660 kJ 

(D) 115 kJ 


Ten kilograms of air at 800 kPa is heated at constant pressure from 170°C to 400°C. The work required is 
nearest: 

(A) 1150 kJ 

(B) 960 kJ 

(C) 660 kJ 

(D) 115 kJ 
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3.5FE 


3.6FE 


3.7FE 


3.8FE 


3.9FE 


3.10FE 


3.11FE 


3.12FE 


A stop is located 20 mm above the piston shown in Fig. 3-21. If 4 


the mass of the frictionless piston is 64 kg, what work must ES im 
the air do on the piston to increase the pressure in the cylinder - Y 
to 500 kPa? Piston 
(A) 13J | 
(В) 28] А 

А 50 
(С) 411 x = 
(О) 53 J 
Which of the following does not transfer work to or from a system? Fig. 3-21 


(A) A moving piston 

(B) The expanding membrane of a balloon 
(C) An electrical resistance heater 

(D) A membrane that bursts 


Calculate the work needed to expand a piston in a cylinder at a constant pressure if saturated liquid water is 
completely vaporized at 200°C. 

(A) 2790 kJ/kg 

(B) 1940 kJ/kg 

(C) 850 kJ/kg 

(D) 196 kJ/kg 


Which of the following statements about work for a quasiequilibrium process is incorrect? 
(A) The differential of work is inexact 

(B) Work is the area under a P-T diagram 

(C) Work is a path function 

(D) Work is always zero for a constant-volume process 


A paddle wheel and an electric heater operate in a system. If the torque is 200 N-m, the rotational speed is 
400 rpm, the voltage is 20 V, and the amperage is 10 A, what is the rate of doing work? 


(A) —9200J 
(B) —9200 kw 
(C) – 2040 W 
(D) -2040 kw 


А 200-mm-diameter piston is lowered by increasing the pressure from 100 kPa to 800 kPa such that the Р-У 
relationship is PV? =const. What is the work done on the system if Vj = 0.1 m*? 


(A) —18.3 kJ 
(B) —24.2 kJ 
(С) -3L6kJ 
(D) —42.9 kJ 


A 120-V electric resistance heater draws 10 A. It operates for 10 minutes in a rigid volume. Calculate the 
work done on the air in the volume. 

(A) 720000 kJ 

(B) 720 kJ 

(C) 12000 kJ 

(D) 12 kJ 


Find the work if air expands from 0.2 m? to 0.8 m? while the pressure in kPa is P=0.2+0.4V. 
(A) 0.48 kJ 
(B) 0.42 kJ 
(C) 0.36 kJ 
(D) 0.24 kJ 
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3.13FE Ten kilograms of saturated liquid water expands until Т = 200°C while the pressure remains constant at 
500 kPa. Find W,_>. 
(A) 230 kJ 
(B) 926 kJ 
(C) 1080 kJ 
(D) 2120 kJ 


3.14FE Heat can be transferred by conduction through: 
(A) solids only 
(B) liquids only 
(C) gases only 
(D) all of the above 


3.15FE Convection heat transfer involves both: 
(A) conduction and advection 
(B) conduction and radiation 
(C) radiation and advection 
(D) work and conduction 


3.16FE Radiation is emitted by: 
(A) liquids only 
(B) opaque solids only 
(C) gases only 
(D) all materials at a finite temperature 


Answers to Supplementary Problems 


3.8 153.8kJ 
3.9 (а)0.7002 (р) 0.0 

310 (а)120 kPa (Б) 0.0619 (с) 0.0963 (а) 1.52 MPa (е) 0.0754 kJ 
3.11 (а) 252 kJ (Ь)248К] (с)-1.6% 

312 (а) 0.05787 fÜ/Ibm (Б) 228°Е (c) 25,700 ft-Ibf 
313 (a) —36 kJ (b) —92.1 kJ 

3.14 2.654 kJ 

3.15 No. РУ, In (V/V) 

3.16 — 6153 ft-lbf 

3.17 105kJ 

3.18 0.2976 kJ 

3.19 70.65 kJ 

320 2.54 x 10° ft-Ibf 

321 —0.300 kJ 

322 —919 J 

3.23 — 24,000 N-m 

324 132] 

3.25 3040 N, 0.0 

3.26 ЕАР /2L 

327 1.0828 ft 

328 6250 N/m 

3.29 1.68] 
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3.30 2280 Nm 

3.31 271А 

3.32 (а) 1320 W (b) 792 kJ 
3.33 322 hp 

3.34 590 J/s 

3.35 421 W/m-K 

3.36 13.85 W 


Answers to Review Questions for ће FE Examination 


ЗЛҒЕ (А) 3.2FE(C) 3.3FE(A) 3.4FE(C) 3.5FE (D) 3.6FE(D) 3.7FE(D) 3.8FE(B) 3.9FE (C) 
3.10FE (A) 3.11FE (B) 3.12FE (D) 3.13FE (D) 3.14FE (D) 3.15FE (A) 3.16FE (D) 


The First Law 
of Thermodynamics 


41 INTRODUCTION 


The first law of thermodynamics is commonly called the conservation of energy. In elementary physics 
courses, the study of the conservation of energy emphasizes changes in kinetic and potential energy and 
their relationship to work. A more general form of conservation of energy includes the effects of heat 
transfer and internal energy changes. This more general form is usually called the first law of thermo- 
dynamics. Other forms of energy may also be included, such as electrostatic, magnetic, strain, and surface 
energy. We will present the first law for a system and then for a control volume. 


4.3 THE FIRST LAW OF THERMODYNAMICS APPLIED TO A CYCLE 


Having discussed the concepts of work and heat, we are now ready to present the first law of 
thermodynamics. Recall that a law is not derived or proved from basic principles but is simply a 
statement that we write based on our observations of many experiments. If an experiment shows a 
law to be violated, either the law must be revised or additional conditions must be placed on the 
applicability of the law. Historically, the first law of thermodynamics was stated for a cycle: the net 
heat transfer is equal to the net work done for a system undergoing a cycle. This is expressed in equation 
form by 


Уу = dO (4.1) 


jov - fso (4.2) 


where the symbol $ implies an integration around a complete cycle. 

The first law can be illustrated by considering the following experiment. Let a weight be attached to 
a pulley/paddle-wheel setup, such as that shown in Fig. 4-la. Let the weight fall a certain distance 
thereby doing work on the system, contained in the insulated tank shown, equal to the weight multiplied 
by the distance dropped. The temperature of the system (the fluid in the tank) will rise an amount AT. 


or 
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(а) (b) 
Fig. 4-1 The first law applied to a cycle. 


Now, the system is returned to its initial state (the completion of the cycle) by transferring heat to the 
surroundings, as implied by ће О in Fig. 4-15. This reduces the temperature of the system to its initial 
temperature. The first law states that this heat transfer will be exactly equal to the work which was done 
by the falling weight. 


EXAMPLE 4.1 А spring is stretched a distance of 0.8 m and attached to a paddle wheel (Fig. 4-2). The paddle 
wheel then rotates until the spring is unstretched. Calculate the heat transfer necessary to return the system to its 
initial state. 

Solution: The work done by the spring on the system is given by 


0.8 0.8 (0.8)? 
М 2- || ЈА absum n 100x dx — (100) = 32N-m 
0 0 


2 


Since the heat transfer returns the system to its initial state, a cycle results. The first law then states that 
Q2-1 = М2 = 32 J. 


4.3 THE FIRST LAW APPLIED TO A PROCESS 


The first law of thermodynamics is often applied to a process as the system changes from one state to 
another. Realizing that a cycle results when a system undergoes several processes and returns to the 
initial state, we could consider a cycle composed of the two processes represented by A and B in Fig. 4-3. 
Applying the first law to this cycle, (4.2) takes the form 


2 1 2 1 

1 2 1 2 
WW 
2 


22227 
] 


Fig. 4-2 Fig. 4-5 A cycle composed of two processes. 
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We interchange the limits on the process from 1 to 2 along В and write this as 


2 2 2 2 
fsa- | ғо,- | swa- | ow, 
1 al 1 1 


/ 5 ви), = / (во — ви), 


That is, the change in the quantity О — W from state 1 to state 2 is the same along path А as along 
path B; since this change is independent between states 1 and 2, we let 


6Q — 6W = dE (4.3) 


or equivalently 


where dE is an exact differential. The quantity E is an extensive property of the system and can be shown 
experimentally to represent the energy of the system at a particular state. Equation (4.3) can be inte- 
grated to yield 


О1-2- М2 Ej — Е (4.4) 


where О| is the heat transferred to the system during the process from state 1 to state 2, W} » is the 
work done by the system on the surroundings during the process, and E» and Е; are the values of the 
property E. More often than not the subscripts will be dropped on Q and W when working problems. 
The property E represents all of the energy: kinetic energy KE, potential energy PE, and internal 
energy U which includes chemical energy and the energy associated with the atom. Any other form of 
energy is also included in the total energy E. Its associated intensive property is designated e. 
The first law of thermodynamics then takes the form 


m 
= 5 (V3 – VI) + mg(z; — д) + 0 — Ui (4.5) 


If we apply the first law to an isolated system, one for which Q,. = W,_, = 0, the first law becomes the 
conservation of energy; that is, 


E = E; (4.6) 


The internal energy U is an extensive property. Its associated intensive property is the specific 
internal energy u; that is, u = U/m. For simple systems in equilibrium, only two properties are necessary 
to establish the state of a pure substance, such as air or steam. Since internal energy is a property, it 
depends only on, say, pressure and temperature; or, for saturated steam, it depends on quality and 
temperature (or pressure). Its value for a particular quality would be 


U = Uf + XU fg (4.7) 


We can now apply the first law to systems involving working fluids with tabulated property values. 
Before we apply the first law to systems involving substances such as ideal gases or solids, it is convenient 
to introduce several additional properties that will simplify that task. 


EXAMPLE 4.2 A 5-hp fan is used in a large room to provide for air circulation. Assuming a well-insulated, 
sealed room determine the internal energy increase after 1 h of operation. 

Solution: By assumption, Q = 0. With APE = KE = 0 the first law becomes — W = AU. The work 
input is 


W = (—5hp)(1h)(746 W/hp)(3600s/h) = — 1.343 x 10 J 
The negative sign results because the work is input to the system. Finally, the internal energy increase is 


AU = —(—1.343 x 107) = 1.343 x 107 J 
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EXAMPLE 4.3 A rigid volume contains 6 ft? of steam originally at a pressure of 400 psia and a temperature of 
900 °F. Estimate the final temperature if 800 Btu of heat is added. 

Solution: The first law of thermodynamics, with АКЕ = APE = 0,15 Q — W = AU. For a rigid container 
the work is zero. Thus, 


Q = AU = т(из — ui) 
From the steam tables we find и) = 1324 Btu/Ibm and v, = 1.978 f/Ibm. The mass is then 


V 6 
The energy transferred to the volume by heat is given. Thus, 
800 = 3.033(и- — 1324) ^. Uy = 1588 Btu/Ibm 


From Table C-3E we must find the temperature for which v; = 1.978 ft? /Ibm and и; = 1588 Btu/Ibm. This is not 
a simple task since we do not know the pressure. At 500 psia if v = 1.978 ft? /Ibm, then u = 1459 Btu/Ibm and 
T = 1221 °Е. At 600 psia v = 1.978 ft*/Ibm, then и = 1603 Btu/Ibm and T = 1546°F. Now we linearly inter- 
polate to find the temperature at и; = 1588 Btu/Ibm: 


1603 — 1588 
1603 — 1459 


T; = 1546 ( Joss 1221) = 1512°F 


EXAMPLE 4.4 А frictionless piston is used to provide a constant pressure of 400 kPa in a cylinder containing 
steam originally at 200°C with a volume of 2 m°. Calculate the final temperature if 3500 kJ of heat is added. 

Solution: The first law of thermodynamics, using APE = АКЕ = 0, is Q — W = AU. The work done 
during the motion of the piston is 


w= js dV = Р( — Уу) = 400(V; И) 
The mass before and after remains unchanged. Using the steam tables, this is expressed as 


Vi 2 


The volume V; is written as V; = mv = 3.744 v2. The first law is then, finding и) from the steam tables, 
3500 — (400)(3.744v, — 2) = (u) — 2647) x (3.744) 


This requires a trial-and-error process. One plan for obtaining a solution is to guess a value for 9; and calculate 
u, from the equation above. If this value checks with the u from the steam tables at the same temperature, then 
the guess is the correct one. For example, guess v; = 1.0 m>/kg. Then the equation gives из = 3395kJ/kg. From 
the steam tables, with P = 0.4 MPa, the и» value allows us to interpolate 7 = 654°C and the v, gives 
T, = 600°C. Therefore, the guess must be revised. Try v; = 1.06 m?/kg. The equation gives из = 3372 kJ/kg. 
The tables are interpolated to give Т» = 640°C; for v;, T; = 647°C. The actual vy is a little less than 1.06 m?/kg, 
with the final temperature being approximately 


Т; = 644°C 


4.4 ENTHALPY 


In the solution of problems involving systems, certain products or sums of properties occur with 
regularity. One such combination of properties can be demonstrated by considering the addition of heat 
to the constant-pressure situation shown in Fig. 4-4. Heat is added slowly to the system (the gas in the 
cylinder), which is maintained at constant pressure by assuming a frictionless seal between the piston and 
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Fig. 4-4 Constant-pressure heat addition. 


the cylinder. If the kinetic energy changes and potential energy changes of the system are neglected and 
all other work modes are absent, the first law of thermodynamics requires that 


Q-W=U,-U, (4.8) 
The work done raising the weight for the constant-pressure process is given by 
W = P(V; — Vi) (4.9) 
The first law can then be written as 
Q — (О + PV), — (U + PV), (4.10) 


The quantity in parentheses is a combination of properties and is thus a property itself. It is called the 
enthalpy H of the system; that is, 


H=U+PV (4.11) 
The specific enthalpy h is found by dividing by the mass. It is 
h =u + Pv (4.12) 


Enthalpy is a property of a system and is also found in the steam tables. The energy equation can now be 
written for a constant-pressure equilibrium process as 


Q\-2 = H;—H, (4.13) 


The enthalpy was defined using a constant-pressure system with the difference in enthalpies between 
two states being the heat transfer. For a variable-pressure process, the difference in enthalpy loses its 
physical significance when considering a system. But enthalpy is still of use in engineering problems; it 
remains a property as defined by (4.11). In a nonequilibrium constant-pressure process AH would not 
equal the heat transfer. 

Because only changes in enthalpy or internal energy are important, we can arbitrarily choose the 
datum from which to measure h and u. We choose saturated liquid at 0°C to be the datum point 
for water. 


EXAMPLE 4.5 Using the concept of enthalpy solve the problem presented in Example 4.4. 
Solution: The energy equation for a constant-pressure process is (with the subscript on the heat transfer 
omitted) 
Q = Н» = Hi or 3500 — (hy = 2860)m 
Using the steam tables as in Example 4.4, the mass is 
V 2 


тот 
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Thus, 
3500 
From the steam tables this interpolates to 
92.6 $ 
Т, = 600 + ЕЗІШ = 641°C 


Obviously, enthalpy was very useful in solving the constant-pressure problem. Trial and error was unne- 
cessary, and the solution was rather straightforward. We illustrated that the quantity we made up, enthalpy, is 
not necessary, but it is quite handy. We will use it often in our calculations. 


4.5 LATENT HEAT 


The amount of energy that must be transferred in the form of heat to a substance held at constant 
pressure in order that a phase change occur is called the /atent heat. It is the change in enthalpy of the 
substance at the saturated conditions of the two phases. The heat that is necessary to melt (or freeze) a 
unit mass of a substance at constant pressure is the heat of fusion and is equal to hy = hp — h;, where Л; 
is the enthalpy of saturated solid and Л, is the enthalpy of saturated liquid. The heat of vaporization is the 
heat required to completely vaporize a unit mass of saturated liquid (or condense a unit mass of 
saturated vapor); it is equal to л „ = h, — hy. When a solid changes phase directly to a gas, sublimation 
occurs; the heat of sublimation is equal to hig = hg — hj. 

The heat of fusion and the heat of sublimation are relatively insensitive to pressure or temperature 
changes. For ice the heat of fusion is approximately 320 kJ/kg (140 Btu/Ibm) and the heat of sublimation is 
about 2040 kJ/kg (880 Btu/Ibm). The heat of vaporization of water is included as A /, in Tables C-1 and C-2. 


4.6 SPECIFIC HEATS 


For a simple system only two independent variables are necessary to establish the state of the system. 
Consequently, we can consider the specific internal energy to be a function of temperature and specific 
volume; that is, 

и = u(T,v) (4.14) 
Using the chain rule from calculus we express the differential in terms of the partial derivatives as 
Ou 
du = —| ат + — 
OT lv Qv IT 


Since u, v, and T are all properties, the partial derivative 1s also a property and is called the constant- 
volume specific heat C,; that is, 


dv (4.15) 


Ou 


C = т 


(4.16) 


vU 


One of the classical experiments of thermodynamics, first performed by Joule in 1843, is illustrated in 
Fig. 4-5. Pressurize volume A with an ideal gas and evacuate volume B. After equilibrium is attained, 
open the valve. Even though the pressure and volume of the ideal gas have changed markedly, the 
temperature does not change. Because there is no change in temperature, there is no net heat transfer to 
the water. Observing that no work is done we conclude, from the first law, that the internal energy of an 
ideal gas does not depend on pressure or volume. 

For such a gas, which behaves as an ideal gas, we have 


Ou 
92,2% (4.17) 
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Fig. 4-5 Joule's experiment. 


Combining (4.15), (4.16), and (4.17), 
du = C, dT (4.18) 
This can be integrated to give 
Т, 
Т, 
For a known C,(T) this can be integrated to find the change іп internal energy over any temperature 


interval for an ideal gas. 
Likewise, considering specific enthalpy to be dependent on the two variables T and P, we have 


Oh Oh 
dh = —| dT+— =] ар 4.20 
OT |p u OP |r ( ) 
The constant-pressure specific heat С, is defined as 
Oh 
C= 4.21 
р ӨТ Б ( ) 
For an ideal gas we have, returning to the definition of enthalpy, (4./2), 
h=u + Pu=u-+ RT (4.22) 


where we have used the ideal-gas equation of state. Since и is only a function of T, we see that h is also 
only a function of T for an ideal gas. Hence, for an ideal gas 


Oh 
21-0 4.23 
ӘРІ, ( 
апа we have, from (4.20), 
dh = C, dT (4.24) 


Over the temperature range 7, to Т» this is integrated to give 
Т, 
hy —h, = 1 Char (4.25) 
Ti 


for an ideal gas. 
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It is often convenient to specify specific heats on a per-mole, rather than a per-unit-mass, basis; these 
molar specific heats are C, and C,. Clearly, we have the relations 


C, = MC, and C 


where M is the molar mass. Thus values of C, and C р may be simply calculated from the values of С, 
and C, listed in Table B-2. (The “overbar notation” for a molar quantity is used throughout this book.) 

The equation for enthalpy can be used to relate, for an ideal gas, the specific heats and the gas 
constant. In differential form (4.12) takes the form 


dh = du + d(Pv) (4.26) 
Introducing the specific heat relations and the ideal-gas equation, we have 
C,dT = C, dT + кат (4.27) 
which, after dividing by dT, gives 
C,=C,+R (4.28) 


This relationship—or its molar equivalent C p= C, + R,—allows C, to be determined from tabulated 
values or expressions for C,. Note that the difference between C, and C, for an ideal gas is always a 
constant, even though both are functions of temperature. 

The specific heat ratio k is also a property of particular interest; it is defined as 


k= С. (4.29) 
This сап be substituted into (4.28) to give 
Cee (4.30) 
k—1 
Or 
R 
Со zo (4.31) 


Obviously, since R is a constant for an ideal gas, the specific heat ratio will depend only on temperature. 

For gases, the specific heats slowly increase with increasing temperature. Since they do not vary 
significantly over fairly large temperature differences, it is often acceptable to treat C, and C, as con- 
stants. For such situations there results 


U — и = С,(Т, к= Т) (4.32) 
hy = hı = C,(T; = Tj) (4.33) 


For air we will use C, = 0.717 kI/kg- C (0.171 Btu/Ibm- ^R) and C, = 1.00 kJ/kg-^ C (0.24 Btu/Ibm- ^R), 
unless otherwise stated. For more accurate calculations with air, or other gases, one should consult ideal- 
gas tables, such as those in Appendix E, which tabulate A(T) and u(T), or integrate using expressions for 
C, (T) found in Table B-5. 

For liquids and solids the specific heat C, is tabulated in Table B-4. Since it is quite difficult to 
maintain constant volume while the temperature is changing, C, values are usually not tabulated for 
liquids and solids; the difference C, — C, is usually quite small. For most liquids the specific heat is 
relatively insensitive to temperature change. For water we will use the nominal value of 4.18 kJ/ 
kg. C (1.00 Btu/Ibm- ^R). For ice the specific heat in kJ/kg- C is approximately С, = 2.1 + 0.00697, 
where T is measured in °C; and in English units of Btu/Ibm- ^F it is C, = 0.47 + 0.001T, where T is 
measured in ^F. The variation of specific heat with pressure is usually quite slight except for special 
situations. 
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EXAMPLE 4.6 The specific heat of superheated steam at approximately 150 kPa can be determined by the 
equation 
T — 400 
1480 

(a) What is the enthalpy change between 300°C and 700°C for 3 kg of steam? Compare with the steam tables. 
(b) What is the average value of C, between 300°C and 700°C based on the equation and based on the 
tabulated data? 

Solution: 


C, = 2.07 + kJ/kg-^C 


(a) The enthalpy change is found to be 


Т, 700 = 
An =m | = еа кис 
5 e 1480 


From the tables we find, using P — 150 kPa, 
AH = (3)(3928 — 3073) = 2565 kJ 


(b) The average value С, ау is found by using the relation 


Т, 
nC, AT-m | (С. eH OR 
Т 
700 


T — 400 
(3)(400C pa) =3 f (207+ T ar 


The integral was evaluated in part (a); hence, we have 
2565 


Сау = 7 = 2.14 kJ/kg eC 
pax = (3) (400) ка 
Using the values from the steam table, we have 
Ah 
Crm = А? Т (3928 — 3073) /400 = 2.14 kJ/kg-°C 


Because the steam tables give the same values as the linear equation of this example, we can safely assume 
that the С,(Т) relationship for steam over this temperature range is closely approximated by a linear relation. 
This linear relation would change, however, for each pressure chosen; hence, the steam tables are essential. 


EXAMPLE 4.7 Determine the value of C, for steam at T — 800^F and P — 800 psia. 

Solution: To determine C, we use a finite-difference approximation to (4.27). We use the entries at 
T = 900°F and T = 700°F, which gives a better approximation to the slope compared to using the values at 
800°F and 750°F or at 900°F and 800°F. Table C-3E provides us with 


д Ne 55:0 = 150% 
ВАГ 200 

Figure 4-6 shows why it is better to use values on either side of the position of interest. If values at 900°F 

and 800°F are used (a forward difference), C, is too low. If values at 800°F and 750°C are used (a backward 


difference), C, is too high. Thus, both a forward and a backward value (a central difference) should be used, 
resulting in a more accurate estimate of the slope. 


C = 0.588 Btu/Ibm-°F 


EXAMPLE 4.8 Determine the enthalpy change for 1 kg of nitrogen which is heated from 300 to 1200 K by 
(a) using the gas tables, (b) integrating С,(Т), and (c) assuming constant specific heat. Use M = 28 kg/kmol. 
Solution: 
(a) Using the gas table in Appendix E, find the enthalpy change to be 


Ah = 36777 — 8723 = 28 054 kJ/kmol or 28 054/28 = 1002 kJ/kg 
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Slope too high 
(C, = 0.602) Slope too low 


(C, = 0.574) 


1398.2 


Best approximation 
to slope 
(C, = 0.588) 


1338.0 


700 800 900 


(b) The expression for C,(T) is found in Table B-5. The enthalpy change is 


1200 T -1.5 T —2 Т —3 
Дүй = 9.06 — 512.79( 2 1072.7 820.4 d 
ra Vide (тос) к (тос) 0 (us) : 


— (39.06)(1200 — 300) — (512.79) (©з) ОЕ) 


+ aor (197) az 3m) вооа) (I5) a2? -37 


— 28093 kJ/kmol or 1003 kJ/kg 


(c) Assuming constant specific heat (found in Table B-2) the enthalpy change is found to be 
Ah = С,АТ = (1.042)(1200 — 300) = 938 kJ/kg 


Note the value found by integrating is essentially the same as that found from the gas tables. However, 
the enthalpy change found by assuming constant specific heat is in error by over 6 percent. If T; were 
closer to 300 K, say 600 K, the error would be much smaller. 


4.7 THE FIRST LAW APPLIED TO VARIOUS PROCESSES 


The Constant-Temperature Process 


For the isothermal process, tables may be consulted for substances for which tabulated values are 
available. Internal energy and enthalpy vary slightly with pressure for the isothermal process, and this 
variation must be accounted for in processes involving many substances. The energy equation is 


Q-W=AU (4.34) 


For a gas that approximates an ideal gas, the internal energy depends only on the temperature and thus 
AU = 0 for an isothermal process; for such a process 


Q=W (4.35) 


Using the ideal-gas equation PV = mRT, the work for a quasiequilibrium process can be found to be 


ү, ау V Р 
W= / PdV = пкт | — = mRT In— = mRT In (4.36) 
V V Vi Р, 
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The Constant-Volume Process 


The work for a constant-volume quasiequilibrium process is zero, since dV is zero. For such a 
process the first law becomes 


Q = AU (4.37) 


If tabulated values are available for a substance, we may directly determine AU. For a gas, approxi- 
mated by an ideal gas, we would have 


Т, 
О 1 C, dT (4.38) 
Ti 


or, for a process for which C, is essentially constant, 
Q — тс, AT (4.39) 


If nonequilibrium work, such as paddle-wheel work, is present, that work must be accounted for in the first law. 

Equation (4.39) provides the motivation for the name "specific heat" for C,. Historically, this 
equation was used to define C,; thus, it was defined as the heat necessary to raise the temperature of 
one unit of substance one degree in a constant-volume process. Today scientists prefer the definition of 
C, to be in terms of properties only, without reference to heat transfer, as in (4.16). 


The Constant-Pressure Process 
The first law, for a constant-pressure quasiequilibrium process, was shown in Sec. 4.4 to be 
Q=AH (4.40) 


Hence, the heat transfer for such a process can easily be found using tabulated values, if available. 
For a gas that behaves as an ideal gas, we have 


Т, 
Q= п | C, dT (4.41) 
Ti 


For a process involving an ideal gas for which C, is constant there results 
Q=mC, AT (4.42) 


For a nonequilibrium process the work must be accounted for directly in the first law and cannot be 
expressed as Р(У — Vi). For such a process (4.40) would not be valid. 


The Adiabatic Process 


There are numerous examples of processes for which there is no, or negligibly small, heat transfer, 
e.g., the compression of air in an automobile engine or the exhaust of nitrogen from a nitrogen tank. The 
study of such processes is, however, often postponed until after the second law of thermodynamics is 
presented. This postponement is not necessary, and because of the importance of the adiabatic quasi- 
equilibrium process, it is presented here. 

The differential form of the first law for the adiabatic process is 


T (443) 
or, for a quasiequilibrium process, using ów — P dv, thereby eliminating nonequilibrium work modes, 
du + Pdv=0 (4.44) 


The sum of the differential quantities on the left represents a perfect differential which we shall designate 
as dw, 1) being a property of the system. This is similar to the motivation for defining the enthalpy л as a 
property. Since 


di» = du + P dv (4.45) 


is a property of the system, it is defined for processes other than the adiabatic quasiequilibrium process. 
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Let us investigate this adiabatic quasiequilibrium process for an ideal gas with constant specific 
heats. For such a process, (4.44) takes the form 


RT 
Rearranging, we have 
C, dT d 
S E (4.47) 
R T v 


This is integrated, assuming constant C,, between states 1 and 2 to give 


С Т. 
» In = —1п 
R Ti 11 


ра @ SE (my ^ (4.49) 
Ti U2 ГА 
referring to (4.31). Using the ideal-gas law, this can be written as 
боа (>) AE 78 Ей (4.50) 
Ti Р, Р, 9 


Finally, the above three relations сап be put in general forms, without reference to particular points. For 
the adiabatic quasiequilibrium process involving an ideal gas with constant C, and C,, we have 


(4.48) 


which can be put in the form 


To! = const. TP -9/* = const. Pu* = const. (4.51) 


For a substance that does not behave as an ideal gas, we must utilize tables. For such a process we 
return to (4.45) and recognize that dy = 0, or № = const. We do not assign the property 4) a formal 
name, but, as we shall show in Chap. 7, the w function is constant whenever the quantity denoted by s, 
the entropy, is constant. Hence, when using the tables, an adiabatic quasiequilibrium process between 
states 1 and 2 requires s, = 52. 


The Polytropic Process 
A careful inspection of the special quasiequilibrium processes presented in this chapter suggests that 
each process can be expressed as 
PV" = const. (4.52) 


The work is calculated 


V Vy 
w= | pav= һу | V^" qv 
VW Vi 
P, Vi 1-п 1-п 
== ү. — V; = 
io" - vim) 


РУ» — Pi Vi 
l-n 


(4.53) 


except (4.36) is used if n = 1. The heat transfer follows from the first law. 
Each quasiequilibrium process is associated with a particular value for n as follows: 
Isothermal: n= 1 
Constant-volume: n = oo 

Constant-pressure: n = 0 

Adiabatic: n = k 
The processes are displayed on a (In P) vs. (In V) plot in Fig. 4-7. The slope of each straight line is the 
exponent on V in (4.52). If the slope is none of the values оо, k, 1, or zero, then the process can be 
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InP 


Polytropic = const. 


InV 


Fig. 4-7 Polytropic exponents for various processes. 


referred to as a polytropic process. For such a process any of the equations (4.49), (4.50), or (4.51) can be 
used with k simply replaced by n; this is convenient in processes in which there is some heat transfer but 
which do not maintain temperature, pressure, or volume constant. 


EXAMPLE 4.9 Determine the heat transfer necessary to increase the pressure of 70 percent quality steam from 
200 to 800 kPa, maintaining the volume constant at 2 m^. Assume a quasiequilibrium process. 

Solution: For the constant-volume quasiequilibrium process the work is zero. The first law reduces to 
О = m(u, — и). The mass is found to be 


V 2) 


* = = 3.224 К 
v 0.0011 + (0.7)(0.8857 — 0.0011) 0.6203 ë 


HL =a 


The internal energy at state 1 is 
иі = 504.5 + (0.7)(2529.5 — 504.5) = 1922 kJ/kg 


The constant-volume process demands that v; = v; = 0.6203 m? /kg. From the steam tables at 800 kPa we find, 
by extrapolation, that 


(join — 0.6181 
и? = 


0.6181 — бат) (3661 - 3476) = 3668 kJ/kg 


Note that extrapolation was necessary since the temperature at state 2 exceeds the highest tabulated temperature 
of 800°C. The heat transfer is then 


О = (3.224)(3668 — 1922) = 5629 kJ 


EXAMPLE 4.10 А piston-cylinder arrangement contains 0.02 m? of air at 50°C and 400 kPa. Heat is added in 
the amount of 50 kJ and work is done by a paddle wheel until the temperature reaches 700 °C. If the pressure is 
held constant how much paddle-wheel work must be added to the air? Assume constant specific heats. 

Solution: The process cannot be approximated by a quasiequilibrium process because of the paddle-wheel 
work. Thus, the heat transfer is not equal to the enthalpy change. The first law may be written as 


Q Ыс Woaddle => т(һ› Be hi) = тС „(Т РА Т) 
To find т we use the ideal-gas equation. It gives us 


_ PV _ (400000)(0.02) _ 
т= Rp = (987)(073 + 50) 7 00963 ke 


CHAP. 4] THE FIRST LAW OF THERMODYNAMICS 75 


From the first law the paddle-wheel work is found to be 


Woaddle = Q — тС,(Т,- Т) = 50 — (0.0863)(1.00)(700 — 50) = — 6.095 kJ 


Note: We could have used the first law as О — Wnet = т(иҙ — иу) and then let Waddie = Wnet — P(V2 — Vi). 
We would then need to calculate V5. 


EXAMPLE 4.11 Calculate the work necessary to compress air in an insulated cylinder from a volume of 6 ft? 
to a volume of 1.2 ft^. The initial temperature and pressure are 50°F and 30 psia, respectively. 

Solution: We will assume that the compression process is approximated by a quasiequilibrium process, 
which is acceptable for most compression processes, and that the process is adiabatic due to the presence of the 
insulation. The first law is then written as 


-W = т(из = uj) =mC,(T, — T) 
The mass is found from the ideal-gas equation to be 


РУ {(30)(144)](6) 
тесное ous 


The final temperature Т; is found for the adiabatic quasiequilibrium process from (4.49); it is 


ү k-1 6.0 14-1 
Т» = Т, (2) — (510) (75) = 970.9°R 


Finally, W = (— 0.9535 Ibm)(0.171 Btu/Ibm-^R)(970.9 — 510)°R = —75.1 Btu. 


4.8 GENERAL FORMULATION FOR CONTROL VOLUMES 


In the application of the various laws we have thus far restricted ourselves to systems, with the result 
that no mass has crossed the system boundaries. This restriction is acceptable for many problems of 
interest and may, in fact, be imposed on the power plant schematic shown in Fig. 4-8. However, if the 
first law is applied to this system, only an incomplete analysis can be accomplished. For a more complete 
analysis we must relate Win, Qin, Wout, and О to the pressure and temperature changes for the pump, 
boiler, turbine, and condenser, respectively. To do this we must consider each device of the power plant 
as a control volume into which and from which a fluid flows. For example, water flows into the pump at 
a low pressure and leaves the pump at a high pressure; the work input into the pump is obviously related 


Penta if; 
Steam (high-energy) 


Steam 
(low-energy) 


yw System 
boundary 


Condenser 


X ET de cec ey rye eg данын арайы акт алақ олын 1 | О 


Fig. 4-8 А schematic for a power plant. 
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os Control 
volume 


Fig. 4-9 Mass entering and leaving a control volume. 


to this pressure rise. We must formulate equations that allow us to make this necessary calculation. For 
most applications that we will consider it will be acceptable to assume both a steady flow (the flow 
variables do not change with time) and a uniform flow (the velocity, pressure, and density are constant 
over the cross-sectional area). Fluid mechanics treats the more general unsteady, nonuniform situations 
in much greater depth. 


The Continuity Equation 

Consider a general control volume with an area A, where fluid enters and an area A, where fluid 
leaves, as shown in Fig. 4-9. It could have any shape and any number of entering and exiting areas, but 
we will derive the continuity equation using the geometry shown. Conservation of mass requires that 


(лы entering \ — ( Mass leaving \ — Change in mass ) 
control volume /~ \control volume/ ^ \within control volume (4.54) 
ті = m2 = Amey, 


The mass that crosses an area A over a time increment Af can be expressed as pA At, where 1/ At is 
the distance the mass particles travel and AU Ar 15 the volume swept out by the mass particles. Equation 
(4.54) can thus be put in the form 


РА! VAt = pA V 5 At = Атк. (4.55) 
where the velocities V, and V, are perpendicular to the areas A, and А», respectively. We have assumed 


the velocity and density to be uniform over the two areas. 
If we divide by At and let At — 0, the derivative results and we have the continuity equation, 


Ату. 
dt 


For the steady-flow situation, in which the mass in the control volume remains constant, the continuity 
equation reduces to 


ПА Vi = pA V, = (4.56) 


АИ = рА2 1/2 (4.57) 


which will find use in problems involving flow into and from various devices. 
The quantity of mass crossing an area each second is termed the mass flux m and has units kg/s (Ibm/sec). 
It is given by the expression 


m = pAV (4.58) 


The quantity AV = V is often referred to as the flow rate with units of m*/s (ft? /ѕес). 

If the velocity and density are not uniform over the entering and exiting areas, the variation across 
the areas must be accounted for. This is done by recognizing that the mass flowing through a differ- 
ential area element dA each second is given by /1/ dA, providing 1/ is normal to dA. In this case (4.58) 
is replaced by т = f, pl/dA. Observe that for incompressible flow (р = constant), (4.58) holds what- 
ever the velocity distribution, provided only that V be interpreted as the average normal velocity over 
the area A. 
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Fig. 4-10 The control volume used for an energy balance. 


EXAMPLE 4.12 Water is flowing in a pipe that changes diameter from 20 to 40 mm. If the water in the 20-mm 
section has a velocity of 40 m/s, determine the velocity in the 40-mm section. Also calculate the mass flux. 
Solution: The continuity equation (4.57) is used. There results, using p, = р», 


2 2 
А И = А1 Б (40) = ie V, 2175 = 10 m/s 


The mass flux is found to be 


т(0.02)7 
4 


я-рА|//|- ШІ Je» = 12.57 kg/s 


where p — 1000 kg/m? is the standard value for water. 


The Energy Equation 


Consider again a general control volume as sketched in Fig. 4-10. The first law of thermodynamics 
for this control volume can be stated as 


Net energy Energy Energy Change of 
transferred to |+ | entering | — | leaving |= | energy in 
$ (4.59) 
the c.v. the c.v. the c.v. the c.v. 
0-М + E] = E» = AE. v. 


The work W is composed of two parts: the work due to the pressure needed to move the fluid, 
sometimes called flow work, and the work that results from a rotating shaft, called shaft work Ws. This is 
expressed as 


W= P A VAt — P A VAt + Ws (4.60) 


where PA is the pressure force and 1 At is the distance it moves during the time increment Ar. The 
negative sign results because the work done on the system is negative when moving the fluid into the 
control volume. 

The energy E is composed of kinetic energy, potential energy, and internal energy. Thus, 


1 
Е= 3mV^ + тас ти (4.61) 


The first law can now be written as 


Vi 
Q == Ws — P Ava At + PAV; At + pA, Е + 821 + “| At 
: (4.62) 


In 
— рА21/2 Е + 82 + «) At = AE, 
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Divide through by At to obtain the energy equation: 


oe wh 1% Р Vi P dE, , 
Ò — Ws = ray | 2 + gz tun + 4) —m | + gezi tu, t+ +) + — (4.63) 
2 p2 2 pi dt 
where we have used 
‚0 . W 
= = Ws = — = pAV 4.64 
Q At 5 AG np ( ) 
For steady flow, a very common situation, the energy equation becomes 
А . 1/2 RA 1/2 
Q — Ws = m |h, — hi + g(z2 — zi) + 2 (4.65) 


where the enthalpy of (4.12) has been introduced. This is the form most often used when a gas or a vapor 
is flowing. 

Quite often the kinetic energy and potential energy changes are negligible. The first law then takes 
the simplified form 


Ò — Ws = т(№ — hy) (4.66) 
or 
q~ ws=hħ -hı (4.67) 


where q = Q/m and ws = М/ф. This simplified form of the energy equation has a surprisingly large 
number of applications. 

For a control volume through which a liquid flows, it is most convenient to return to (4.63). For a 
steady flow with o; = p, = p, neglecting the heat transfer and changes in internal energy, the energy 
equation takes the form 


2 
+ 8(® — z1) (4.68) 


This is the form to use for a pump ог a hydroturbine. If О and Au are not zero, simply include them. 


4.9 APPLICATIONS OF THE ENERGY EQUATION 


There are several points that must be considered in the analysis of most problems in which the 
energy equation is used. As a first step, it is very important to identify the control volume selected in the 
solution of a problem; dotted lines are used to outline the control surface. If at all possible, the control 
surface should be chosen so that the flow variables are uniform or known functions over the areas where 
the fluid enters or exits the control volume. For example, in Fig. 4-11 the area could be chosen as in 
part (a), but the velocity and the pressure are certainly not uniform over the area. In part (b), however, 
the control surface is chosen sufficiently far downstream from the abrupt area change that the exiting 
velocity and pressure can be approximated by uniform distributions. 


|] 
SS | 


(a) (b) 


Fig. 4-11 The control surface at an entrance. 
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(a) Orifice plate (b) Globe valve 


Fig. 4-12 Throttling devices. 


It is also necessary to specify the process by which the flow variables change. Is it incompressible? 
isothermal? constant-pressure? adiabatic? A sketch of the process on a suitable diagram is often of use in 
the calculations. If the working substance behaves as an ideal gas, then the appropriate equations can be 
used; if not, tabulated values must be used, such as those provided for steam. For real gases that do not 
behave as ideal gases, specialized equations may be available for calculations; some of these equations 
will be presented in a later chapter. 

Often heat transfer from a device or an internal energy change across a device, such as flow through 
a pump, is not desired. For such situations, the heat transfer and internal energy change may be lumped 
together as /osses. In a pipeline losses occur because of friction; in a centrifugal pump, losses occur 
because of poor fluid motion around the rotating blades. For many devices the losses are included as an 
efficiency of the device. Examples will illustrate. 

Kinetic energy or potential energy changes can often be neglected in comparison with other terms in 
the energy equation. Potential energy changes are usually included only in situations where liquid is 
involved and where the inlet and exit areas are separated by a large vertical distance. The following 
applications will illustrate many of the above points. 


Throttling Devices 


A throttling device involves a steady-flow adiabatic process that provides a sudden pressure drop 
with no significant potential energy or kinetic energy changes. The process occurs relatively rapidly, with 
the result that negligible heat transfer occurs. Two such devices are sketched in Fig. 4-12. If the energy 
equation is applied to such a device, with no work done and neglecting kinetic and potential energy 
changes, we have, for this adiabatic non-quasiequilibrium process [see (4.67)], 


hy = (4.69) 


where section 1 is upstream and section 2 is downstream. Most valves are throttling devices, for which 
the energy equation takes the form of (4.69). They are also used in many refrigeration units in which the 
sudden drop in pressure causes a change in phase of the working substance. The throttling process is 
analogous to the sudden expansion of Fig. 3-55. 


EXAMPLE 4.13 Steam enters a throttling valve at 8000 kPa and 300°C and leaves at a pressure of 1600 kPa. 
Determine the final temperature and specific volume of the steam. 

Solution: The enthalpy of the steam as it enters is found from the superheat steam table to be ^; — 2785 kJ/kg. 
This must equal the exiting enthalpy as demanded by (4.69). The exiting steam is in the quality region, since at 
1600 kPa h, = 2794 kJ/kg. Thus the final temperature is T; = 201.4°C. 

To find the specific volume we must know the quality. It is found from 


h, = hy + xh fy 2785 = 859 + 1935x, х= 0.995 
The specific volume is then v; = 0.0012 + (0.995)(0.1238 — 0.0012) = 0.1232 m? /kg. 
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Compressors, Pumps, and Turbines 


A pump 15 a device which transfers energy to a liquid flowing through the pump with the result that the 
pressure is increased. Compressors and blowers also fall into this category but have the primary purpose of 
increasing the pressure in a gas. A turbine, on the other hand, is a device in which work is done by the fluid 
on a set of rotating blades; as a result there is a pressure drop from the inlet to the outlet of the turbine. In 
some situations there may be heat transferred from the device to the surroundings, but often the heat transfer 
can be assumed negligible. In addition the kinetic and potential energy changes are usually neglected. For 
such devices operating in a steady-state mode the energy equation takes the form [see (4.66)] 


— Ws = (ha — hi) or — ws = h — hı (4.70) 


where W, is negative for a compressor and positive for a gas or steam turbine. In the event that heat 
transfer does occur, from perhaps a high-temperature working fluid, it must, of course, be included in the 
above equation. 

For liquids, such as water, the energy equation (4.68), neglecting kinetic and potential energy 
changes, becomes 


= шд = ———— (4.71) 
EXAMPLE 4.14 Steam enters a turbine at 4000 kPa and 500°C and leaves as shown in Fig. 4-13. For an inlet 


velocity of 200 m/s calculate the turbine power output. (a) Neglect any heat transfer and kinetic energy change. 
(b) Show that the kinetic energy change is negligible. 


Control surface 


Р, = 80 kPa 
х= 1.0 
d; = 250 тт 
Fig. 4-13 
Solution: 
(а) The energy equation in the form of (4.70) is — Wr = (hz — h,)m. We find m as follows: 
; 1 7(0.025)? (200) 
m= рА 71 7 171 0.08643 3 g/s 


The enthalpies are found from Table C-3 to be 
h, = 3445.2 kJ/kg hy = 2665.7 kJ/kg 
The maximum power output is then Wr = — (2665.7 — 3445.2)(4.544) = 3542kJ/s or 3.542 MW. 
(b) The exiting velocity is found to be 
_ Ару _ (0.025) (200/0.08643) 


Wee = = 193 m/s 
2 Азр т(0.125)2/2.087 / 


The kinetic energy change is then 


Do wp 2. 2, 
АКЕ = “(4 ^) = аза 9 aN | = — 6250J/s ог —6.25 kJ/s 


2 2 


This is less than 0.1 percent of the enthalpy change and is indeed negligible. Kinetic energy changes are 
usually omitted in the analysis of a turbine. 
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EXAMPLE 4.15 Determine the maximum pressure increase across the 10-hp pump shown in Fig. 4-14. The 
inlet of velocity of the water is 30 ft/sec. 


Fig. 4-14 


Solution: The energy equation (4.68) is used. By neglecting the heat transfer and assuming no increase in 
internal energy, we establish the maximum pressure rise. Neglecting the potential energy change, the energy 
equation takes the form 


The velocity 1/; is given, апа 1/ is found from the continuity equation as follows: 


1)? Го 
РА 1/1 — pA» V5 - jon = | 4 ) Va Wy = 13.33 ft/sec 


The mass flux, needed in the energy equation, is then, using p = 62.4 Ibm/ft^, 


т(1) Б = 10.21 Ibm/sec 


Recognizing that the pump work is negative, the energy equation is 


P, — Pj) Ibf/f? 13.332 — 307) ft? /sec? 
+ 


— (— 10)(550) ft-Ibf/sec = (10.21 Ibm/sec 
кш / 5 62.4 Ibm/ft? (2)(32.2 Ibm-ft/sec?-Ibf)] 


where the factor 32.2 Ibm-ft/sec?-Ibf is needed to obtain the correct units on the kinetic energy term. This 
predicts a pressure rise of 


5500 13.332 — 307 
10.21 (2)(32.2) 


P, — P, = (62.4) | | = 34,310 Ibf/ft? ог 238.3 psi 

Note that in this example the kinetic energy terms are retained because of the difference in inlet and exit areas; if 
they were omitted, only a 2 percent error would result. In most applications the inlet and exit areas will be equal 
so that 1/ = 1/1; but even with different areas, as in this example, kinetic energy changes are usually ignored in a 
pump or turbine and (4.71) is used. 


Nozzles and Diffusers 


A nozzle is a device that is used to increase the velocity of a flowing fluid. It does this by reducing the 
pressure. A diffuser 1s a device that increases the pressure in a flowing fluid by reducing the velocity. 
There is no work input into the devices and usually negligible heat transfer. With the additional assump- 
tions of negligible internal energy and potential energy changes, the energy equation takes the form 


/2 4/2 
oo A _ 
2 2 


+h — h; (4.72) 
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(a) Subsonic flow (b) Supersonic flow 


Fig. 4-15 Nozzles and diffusers. 


Based on our intuition we expect a nozzle to have a decreasing area in the direction of flow and a 
diffuser to have an increasing area in the direction of flow. This is indeed the case for a subsonic flow in 
which U < VkRT. For a supersonic flow іп which U > VkRT the opposite is true: a nozzle has an 
increasing area and a diffuser has a decreasing area. This is shown in Fig. 4-15. 

Three equations may be used for nozzle and diffuser flow; energy, continuity, and a process equa- 
tion, such as for an adiabatic quasiequilibrium flow. Thus, we may have three unknowns at the exit, 
given the entering conditions. There may also be shock waves in supersonic flows or “choked” subsonic 
flows. These more complicated flows are included in a fluid mechanics course. Only the more simple 
situations will be included here. 


EXAMPLE 4.16 Air flows through the supersonic nozzle shown in Fig. 4-16. The inlet conditions are 7 kPa 
and 420°C. The nozzle exit diameter is adjusted such that the exiting velocity is 700 m/s. Calculate (a) the exit 
temperature, (b) the mass flux, and (c) the exit diameter. Assume an adiabatic quasiequilibrium flow. 


Control 91! 
surface 


C EAE 


| 
V, = 400 m/s 


=== 
Fig. 4-16 

Solution: 
(a) To find the exit temperature the energy equation (4.72) is used. It is, using Ah = C,AT, 

Vi V3 

T +C, = сл + C,T, 

We then have, using C, = 1000 J/kg-K, 
vi- vi 400^ — 700° 
Т = —— +T, = ——— + 420 = 255°C 
2 2067 ! (2)(1000) 


(b) To find the mass flux we must find the density at the entrance. From the inlet conditions we have 
Р, 7000 3 


The mass flux is then m = p; A1 V1 = (0.0352)()(0.1)?(400) = 0.4423 kg/s. 
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(c) To find the exit diameter we would use the continuity equation p; A11/, = p5A51/5. This requires the 
density at the exit. It is found by assuming adiabatic quasiequilibrium flow. Referring to (4.49), we have 


m 1/(k — 1) sog /04-1) с 
P = р (2) = (0.0352) 53) — 0.01784 kg/m 
Hence, 
diV, (0.0352)(0.22)(400) 
pa Ami а = 0.0451 -d = 0.212 212 
m (0017840700) 72% DL 


Heat Exchangers 


An important device that has many applications in engineering is the heat exchanger. Heat exchan- 
gers are used to transfer energy from a hot body to a colder body or to the surroundings by means of 
heat transfer. Energy is transferred from the hot gases after combustion in a power plant to the water in 
the pipes of the boiler and from the hot water that leaves an automobile engine to the atmosphere, and 
electrical generators are cooled by water flowing through internal flow passages. 

Many heat exchangers utilize a flow passage into which a fluid enters and from which the fluid 
exits at a different temperature. The velocity does not normally change, the pressure drop through the 
passage is usually neglected, and the potential energy change is assumed zero. The energy equation 
then results in 

Q = (№ — hi)m (4.73) 
since no work occurs in the heat exchanger. 

Energy may be exchanged between two moving fluids, as shown schematically in Fig. 4-17. For a 
control volume including the combined unit, which is assumed to be insulated, the energy equation, as 
applied to the control volume of Fig. 4-17a, would be 


0 = ma(haz — hay)  mp(hg, — hpi) (4.74) 


The energy that leaves fluid A is transferred to fluid B by means of the heat transfer Q. For the control 
volumes shown in Fig. 4-17b we have 


О = i g(hg; — һв\) -Ò = malha — Һа) (4.75) 


Colder fluid 
— Hotter fluid 


(a) Combined unit (b) Separated control volumes 


Fig. 4-17 А heat exchanger. 
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Condenser 


Fig. 4-18 А simple power schematic. 


EXAMPLE 4.17 A liquid, flowing at 100 kg/s, enters a heat exchanger at 450°C and exits at 350°C. The 
specific heat of the liquid is 1.25 kJ/kg - °C. Water enters at 5000 kPa and 20°C. Determine the minimum mass 
flux of the water so that the water does not completely vaporize. Neglect the pressure drop through the 
exchanger. Also, calculate the rate of heat transfer. 
Solution: The energy equation (4.74) is used as m,(h,, — hy) = My(Ay2 — hy), or 
m C (T, a То) = My (Ny 7% hy) 
Using the given values, we have (use Table C-4 to find Л) 
(100)(1.25) x (450 — 350) = m,,(2792.8 — 88.7) <. my = 4.623 kg/s 

where we have assumed a saturated vapor state for the exiting steam to obtain the maximum allowable exiting 


enthalpy. The heat transfer is found using the energy equation (4.75) applied to one of the separate control 
volumes. 


Ò = rity (Ryo — hy) = (4.623) (2792.8 — 88.7) = 12500 kW or 12.5 MW 


Power and Refrigeration Cycles 


When energy in the form of heat is transferred to a working fluid, energy in the form of work may be 
extracted from the working fluid. The work may be converted to an electrical form of energy, such as is 
done in a power plant, or to a mechanical form, such as is done in an automobile. In general, such 
conversions of energy are accomplished by a power cycle. One such cycle is shown in Fig. 4-18. In the 
boiler (a heat exchanger) the energy contained in a fuel is transferred by heat to the water which enters, 
causing a high-pressure steam to exit and enter the turbine. A condenser (another heat exchanger) 
discharges heat, and a pump increases the pressure lost through the turbine. 

The energy transferred to the working fluid in the boiler in the simple power cycle of Fig. 4-18 is the 
energy that is available for conversion to useful work; it is the energy that must be purchased. The 
thermal efficiency т] is defined to be the ratio of the net work produced to the energy input. In the simple 
power cycle being discussed it is 


Ов 

When we consider the second law of thermodynamics, we will show that there is an upper limit to the 
thermal efficiency of a particular power cycle. Thermal efficiency is, however, a quantity that is deter- 
mined solely by first-law energy considerations. 


Other components can be combined in an arrangement like that shown in Fig. 4-19, resulting in a 
refrigeration cycle. Heat is transferred to the working fluid (the refrigerant) in the evaporator (a heat 


n= (4.76) 
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V Expansion 
/\ 


Compressor 


Fig. 4-19 А simple refrigeration schematic. 


exchanger). The working fluid is then compressed by the compressor. Heat is transferred from the 
working fluid in the condenser, and then its pressure is suddenly reduced in the expansion valve. A 
refrigeration cycle may be used to add energy to a body (heat transfer Qc) or it may be used to extract 
energy from a body (heat transfer Ор). 

It is not useful to calculate the thermal efficiency of a refrigeration cycle since the objective is not to 
do work but to accomplish heat transfer. If we are extracting energy from a body, our purpose is to cause 
maximum heat transfer with minimum work input. To measure this, we define a coefficient of perfor- 
mance (abbreviated COP) as 

Qr зы Ок 
Weomp Qc = Он 
If we are adding energy to a body, our purpose is, again, to do so with a minimum work input. In this 
case the coefficient of performance is defined as 

cop = 2c = _ Ёс. (4.78) 
Weomp Qc m Or 
A device which can operate with this latter objective is called a heat pump; if it operates with the former 
objective only it is a refrigerator. 

It should be apparent from the definitions that thermal efficiency can never be greater than unity but 
that the coefficient of performance can be greater than unity. Obviously, the objective of the engineer 
is to maximize either one in a particular design. The thermal efficiency of a power plant is around 
35 percent; the thermal efficiency of an automobile engine is around 20 percent. The coefficient of perfor- 
mance for a refrigerator or a heat pump ranges from 2 to 6, with a heat pump having the greater values. 


COP = 


(4.77) 


EXAMPLE 4.18 Steam leaves the boiler of a simple steam power cycle at 4000 kPa and 600°C. It exits the 
turbine at 20 kPa as saturated steam. It then exits the condenser as saturated water. (See Fig. 4-20.) Determine 
the thermal efficiency if there is no loss in pressure through the condenser and the boiler. 

Solution: To determine the thermal efficiency we must calculate the heat transferred to the water in the 
boiler, the work done by the turbine, and the work required by the pump. We will make the calculations for 1 kg 
of steam since the mass is unknown. The boiler heat transfer is, neglecting kinetic and potential energy changes, 
Яв = h; — hy. To find hy we assume that the pump simply increases the pressure [see (4.71)]: 


шь = (Py — P)v = (4000 — 20)(0.001) = 3.98 kJ/kg 
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@ 


4000 kPa 


The enthalpy л is thus found to be, using (4.70), 
hy = w, + hy = 3.98 + 251.4 = 255.4 KJ/kg 
where h; is assumed to be that of saturated water at 20 kPa. From the steam tables we find л; = 3674 kJ/kg. 
There results 
ав = 3674 — 255.4 = 3420 kJ/kg 
The work output from the turbine is wr = A3 — h4 = 3674 — 2610 = 1064 kJ/kg. Finally, the thermal efficiency is 
Шт — Wp 1064 — 4 


= = = 0.31 31.09 
n m 3420 0.310 ог 31.0% 


Note that the pump work could have been neglected with no significant change in the results. 


Transient Flow 


If the steady-flow assumption of the preceding sections is not valid, then the time dependence of the 
various properties must be included. The filling of a rigid tank with a gas and the release of gas from a 
pressurized tank are examples that we will consider. 

The energy equation is written as 


ЕТЕК е v3 1? 
Q— №; = —— en? + rath] ШЕ tra +h] (4.79) 


dt 2 2 


We will consider the kinetic energy and potential energy terms to be negligible so that E.y, will consist 
of internal energy only. The first problem we wish to study is the filling of a rigid tank, as sketched in 
Fig. 4-21. In the tank, there is only an entrance. With no shaft work present the energy equation 
reduces to 


. а 


where m is the mass іп the control volume. If we multiply this equation by dt and integrate from an initial 
time 1j, to some final time гу, we have 


О = ирту = шт; — mh, (4.81) 
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Valve 


т; = initial mass in c.v. 


m= final mass in c.v. 
Control volume : 


Fig. 4-21 The filling of a rigid tank. 


where 
m, — mass that enters 
m, — final mass in control volume 
m; — initial mass in control volume 


In addition, for the filling process the enthalpy ^, is assumed constant over the time interval. 
The continuity equation for the unsteady-flow situation may be necessary in the solution process. 
Since the final mass is equal to the initial mass plus the mass that entered, this is expressed as 


my =m; +m (4.82) 


Now consider the discharge of a pressurized tank. This problem is more complicated than the filling 
of a tank in that the properties at the exiting area are not constant over the time interval of interest; we 
must include the variation of the variables with time. We will assume an insulated tank, so that no heat 
transfer occurs, and again neglect kinetic energy and potential energy. The energy equation becomes, 
assuming no shaft work, 


d 


ш 


(ит) + m( Pav + и») (4.83) 


where т is the mass in the control volume. From the continuity equation, 


d . 
аты, (4.54) 


If this is substituted into (4.83), we have 

d(um) = (Pav + u;5)dm (4.85) 
We will assume that the gas escapes through a small valve opening, as shown in Fig. 4-22. Just upstream 
of the valve is area A» with properties P», v2, and и». The velocity at this exiting area is assumed to be 


quite small so that P5, v, and и» are approximately the same as the respective quantities in the control 
volume. With this assumption (4.85) becomes 


d(um) = (Pv + и) dm (4.86) 


m = mass in c.v. 


Control volume 


Fig. 4-22 The discharge of a pressurized tank. 
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Letting d(um) = udm + таи, there results 
mdu = Pudm (4.87) 


Now we will restrict ourselves to a gas that behaves as an ideal gas. For such a gas du = C, dT and 
Pv = RT, and we obtain 


mC, dT = RT dm (4.88) 
This is put in the form 
C,dT dm 
par seca ard 4.89 
RT m ( ) 


which сап be integrated from the initial state, signified by the subscript i, to the final state, signified by 
the subscript f. There results 


Т э ТА1/4-1) 
р In ті = n or = (2. (4.90) 
i т; т; і 


where we have used C,/R = 1/(k — 1); see (4.31). In terms of the pressure ratio, (4.50) allows us to write 


P (2) di (4.91) 


P, 


Remember that these equations are applicable if there is no heat transfer from the volume; the process 
is quasistatic in that the properties are assumed uniformly distributed throughout the control volume (this 
requires a relatively slow discharge velocity, say 100 m/s or less); and the gas behaves as an ideal gas. 


EXAMPLE 4.19 А completely evacuated, insulated, rigid tank with a volume of 300 ft? is filled from a steam 
line transporting steam at 800°F and 500 psia. Determine (a) the temperature of steam in the tank when its 
pressure is 500 psia and (р) the mass of steam that flowed into the tank. 

Solution: 

(а) The energy equation used is (4.87). With О = 0 and m; = 0, we have u m , = m;h;. The continuity 
equation (4.82) allows us to write m у = т, which states that the final mass m у in the tank is equal to 
the mass m, that entered the tank. Thus, there results иу = Лү. From Table C3-E, ^; is found, at 800^F 
and 500 psia, to be 1412.1 Btu/Ibm. Using P4 — 500 psia as the final tank pressure, we can interpolate 
for the temperature, using и, = 1412.1 Btu/Ibm, and find 


DES — 1406.0 
f = 


148531493) (108) + 1100 = 1114.1°F 


(b) We recognize that m, = ту = Уаһк/шу. The specific volume of the steam in the tank at 500 psia and 
1114.1°F is 


v= (апи) (1.9518 — 1.8271) + 1.8271 = 1.845 ft /Ibm 


This gives ту = 300/1.845 = 162.6 Ibm. 


EXAMPLE 4.20 An air tank with a volume of 20 m? is pressurized to 10 MPa. The tank eventually reaches 
room temperature of 25°C. If the air is allowed to escape with no heat transfer until P; = 200 kPa, determine 
the mass of air remaining in the tank and the final temperature of air in the tank. 

Solution: The initial mass of air in the tank is found to be 


_ BV _ 10x 10°(20) 
= Rie TORTI OUR) 


= 2338 kg 
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Equation (4.9/) gives, using k = 1.4, 


/14 
p 2x 10° V. 
mp =m; (%) = (2338) US — 143.0 kg 


i 


To find the final temperature (4.90) is used: 


k-1 
Т,= Т, (= = (298)(143/2338)°* = 97.46 К or —175.5°C 
т 


i 
A person who accidently comes in contact with a flow of gas from a pressurized tank faces immediate 
freezing (which is treated just like a burn). 


Solved Problems 


4.1 А 1500-kg automobile traveling at 30 m/s is brought to rest by impacting a shock absorber 
composed of a piston with small holes that moves in a cylinder containing water. How much 
heat must be removed from the water to return it to its original temperature? 


As the piston moves through the water, work is done due to the force of impact moving with the piston. 
The work that is done is equal to the kinetic energy change; that is, 


W- mV 22 Ө (1500) (30)* = 675 000 J 


The first law for a cycle requires that this amount of heat must be transferred from the water to return it to 
its original temperature; hence, Q = 675 kJ. 


4.0 А piston moves upward a distance of 5 cm while 200 J of heat is added (Fig. 4-23). Calculate the 
change in internal energy of the vapor if the spring is originally unstretched. 


Z 


К = 50 kN/m 


60 kg 


- 20 cm > 


Fig. 4-23 
The work needed to raise the weight and compress the spring is 


W = (mg)(h) $ Te EE (Pam) (A)(h) 


(0.2)? 


= (60)(9.81)(0.05) + Ө (50 000) (0.05)? + Ll Joos =250J 
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The first law for a process without kinetic or potential energy changes is 
Q—-W-AU 
Thus, we have AU — 200 — 250 2 —50 J. 


A system undergoes a cycle consisting of the three processes listed in the table. Compute the 
missing values. All quantities are in kJ. 


Process 


1—2 


2—3 


3-1 


Use the first law іп (һе form О — W = AE. Applied to process 1 — 2, we һауе 
a — 100 = 100 л. a= 200 kJ 
Applied to process 3 — 1, there results 
100 — d = —200 г.а = 300 kJ 


The net work is then SW = Wi.» + W2-3 + Wa, = 100 — 50 + 300 = 350 kJ. The first law for а cycle 
demands that 


УО = У 200 + b + 100 = 350 s b = 50 kJ 
Finally, applying the first law to process 2 — 3 provides 
50 — (—50) = с “c= 100 kJ 
Note that, for a cycle, XAE = 0; this, in fact, could have been used to determine the value of c: 


LAE = 100 + с — 200 = 0 z. c = 100 kJ 


A 6-V insulated battery delivers a 5-A current over a period of 20 min. Calculate the heat transfer 
that must occur to return the battery to its initial temperature. 


The work done by the battery is Wi > = VI At = (6)(5)[(20)(60)] = 36 kJ. According to the first law, 
this must equal — (U, — Uj) since Q,_ = 0 (the battery is insulated). To return the battery to its initial 
state, the first law, for this second process in which no work is done, gives 

Qiii — W$-1 = AU =U, – 05 


Consequently, Q,_, = +36 kJ, where the positive sign indicates that heat must be transferred to the 
battery. 


A refrigerator is situated in an insulated room; it has a 2-hp motor that drives a compressor. Over a 
30-minute period of time it provides 5300 kJ of cooling to the refrigerated space and 8000 kJ of heating 
from the coils on the back of the refrigerator. Calculate the increase in internal energy in the room. 


In this problem we consider the insulated room as the system. The refrigerator is nothing more than a 
component in the system. The only transfer of energy across the boundary of the system is via the electrical 
wires of the refrigerator. For an insulated room (Q = 0) the first law provides 


Ø?-W=AU 
Hence, AU = —(—2 hp)(0.746 kW/hp) (1800 s) = 2686 kJ. 
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4.6 


4.7 


4.8 


A 2- ft? rigid volume contains water at 120°F with a quality of 0.5. Calculate the final temperature 
if 8 Btu of heat is added. 


The first law for a process demands that О — W = m Au. To find the mass, we must use the specific 
volume as follows: 


vj = vp + (о, — vy) = 0.016 + (0.5)(203.0 — 0.016) = 101.5 ft? /Ibm 


V 2 


For a rigid volume the work is zero since the volume does not change. Hence, Q — m Au. The value of the 
initial internal energy is 


uy = ug + XU fe = 87.99 + (0.5)(961.9) = 568.9 Btu/Ibm 


The final internal energy is then calculated from the first law: 
8 = 0.0197 (u> — 568.9) <. u) = 975 Btu/lbm 


This is less than и,; consequently, state 2 is in the wet region with v; = 101.5 ft?/ Ibm. This requires a trial- 
and-error procedure to find state 2: 


At Т = 140 °F: 
101.5 = 0.016 + х›(122.9 — 0.016) „. X2 = 0.826 
975 = 108 + 948.2х› z. X2 = 0.914 
At T = 150 °F: 
v, = 96.99 г. slightly superheat 
975 = 118 + 941.3x; <. X2 = 0.912 


Obviously, state 2 lies between 140°F and 150°F. Since the quality is insensitive to the internal energy, we 
find 7, such that v, = 101.5 ft/Ibm: 


101.5 — 96.99 
122.88 — 96.99 


Т, = 150 ( Jao- 148^F 


A temperature slightly less than this provides us with T; = 147°F. 


A frictionless piston provides a constant pressure of 400 kPa in a cylinder containing R134a with 
an initial quality of 80 percent. Calculate the final temperature if 80 kJ/kg of heat is transferred to 
the cylinder. 


The original enthalpy is found, using values from Table D-2, to be 
hy = һу + xih „ = 62.0 + (0.8)(190.32) = 214.3 kJ/kg 
For this constant-pressure process, the first law demands that 
4 = 5 — hı 80 = h, — 214.3 Г.о = 294.3 kJ/kg 
Using P; = 400 kPa and A; = 294.3 kJ/kg, we interpolate in Table D-3 to find 


(ды — 291.8 
2 — 


аа) (10) + 50 = 52.6°С 


A piston-cylinder arrangement contains 2 kg of steam originally at 200 ^C and 90 percent quality. 
The volume triples while the temperature is held constant. Calculate the heat that must be 
transferred and the final pressure. 
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4.10 


4.11 
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The first law for this constant-temperature process is О — W = т(из — u1). The initial specific volume 
and specific internal energy are, respectively, 
v; = 0.0012 + (0.9) (0.1274 — 0.0012) = 0.1148 m3/kg 
иі = 850.6 + (0.9)(2595.3 — 850.6) = 2421 kJ/kg 


Using Т; = 200°C and v; = (3)(0.1148) = 0.3444 m?/kg, we interpolate in Table C-3 and find the final 
pressure Р, to be 


0.3444 — 0.2608 
‚л (54% - 0.2608 


оғ) = 0.617 MPa 


We can also interpolate to find that the specific internal energy is 


0.617 — 0.6 


из = 2638.9 — (2638.9 — 2630.6) 08-06 ) = 2638.2 kJ/kg 


To find the heat transfer we must know the work W. It is estimated using graph paper by plotting P vs. 
v and graphically integrating (counting squares). The work is twice this area since т = 2 kg. Doing this, we 
find 
W = (2)(228) = 456 kJ 


Thus Q = W + т(и» — и) = 456 + (2)(2638.2 — 2421) = 890KJ. 


Estimate the constant-pressure specific heat and the constant-volume specific heat for R134a at 
30 psia and 100°F. 


We write the derivatives in finite-difference form and, using values on either side of 100°F for greatest 
accuracy, we find 


Ah — 126.39 — 117.63 
ЖА = 0.219 Btu/Ibm-^F 
Cp т 120 — 80 9 Чып 


Аи 115.47 — 107.59 Ü 
ат" 120 — 80 = 0.197 Btu/lbm-°F 


Calculate the change in enthalpy of air which is heated from 300 K to 700 K if 
(а) С, = 1.006 kJ/kg^C. 
(b) C, = 0.946 + 0.213 x 10 ^T — 0.031 x 10 6T? kI/kg-°C. 
(c) The gas tables are used. 
(d) Compare the calculations of (a) and (b) with (c). 
(a) Assuming the constant specific heat, we find that 
Ah = C,(T; — Т) = (1.006)(700 — 300) = 402.4 kJ/kg 


(Б) If C, depends on temperature, we must integrate as follows: 


7; 700 
Ah = Í C,dT = i (0.946 + 0.213 x 107-37 — 0.031 x 10 57?) dT = 417.7 kJ/kg 

7; 300 
(c) Using Table E-1, we find Ah = hy — h; = 713.27 — 300.19 = 413.1 kJ/kg. 


(d) The assumption of constant specific heat results in an error of —2.59 percent; the expression for 
C, produces an error of +1.11 percent. All three methods are acceptable for the present problem. 


Sixteen ice cubes, each with a temperature of —10°C and a volume of 8 milliliters, are added 
to 1 liter of water at 20°C in an insulated container. What is the equilibrium temperature? Use 
(С) = 2-1kI/kg-°C. 
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Assume that all of the ice melts. The ice warms up to 0°C, melts at 0°C, and then warms up to the final 
temperature Т. The water cools from 20°C to the final temperature Т». The mass of ice is calculated to be 
У (16)(8 x 107°) 


Ше иш 0009 = 0.1174 kg 


where v; is found in Table C-5. If energy is conserved, we must have 


Energy gained by ice — energy lost by water 


m;|(C,); AT + hif F (C5), AT] = тұ(С,), АТ 
0.1174[(2.1)(10) + 320+ (4.81) (T5 = 0)] = (1000 x 10~3)(4.18)(20 — Т,) 
Т, = 9.33°C 


412 A 5-kg block of copper at 300°C is submerged in 20 liters of water at 0°C contained in an 
insulated tank. Estimate the final equilibrium temperature. 


Conservation of energy requires that the energy lost by the copper block is gained by the water. This is 
expressed as 


т.(С,).(АТ), = my(Cy) (AT), 
Using average values of C, from Table B-4, this becomes 


(5)(0.39)(300 — Т.) = (0.02)(1000)(4.18)(T; — 0) — .. T} = 6.84°C 


4.13 Two pounds of air is compressed from 20 psia to 200 psia while maintaining the temperature 
constant at 100 ^F. Calculate the heat transfer needed to accomplish this process. 


The first law, assuming air to be an ideal gas, requires that 


Е d B ft-Ibf on / 1 Вш\, 20 
Q =W + AU? = тет тъ = (2 Ibm) (Sm (560°R) sae er) 8506 


= —176.7 Btu 


4.14 Helium is contained in a 2-m? rigid volume at 50°C and 200 kPa. Calculate the heat transfer 
needed to increase the pressure to 800 kPa. 


The work is zero for this constant-volume process. Consequently, the first law gives 
PV 
О = mAu = тС, AT = gr o - Т) 


The ideal-gas law, PV — mRT, allows us to write 


Р, Р» 200 800 
= = © Т» = 1292 К 
Тү 7, 33 т 728% 


The heat transfer is then, using values from Table B-2, 


(200) (2) 


О= (2.077)(323) 21191792 — 323) = 1800 kJ 


4.15 The air in the cylinder of an air compressor is compressed from 100 kPa to 10 MPa. Estimate the 
final temperature and the work required if the air is initially at 100°C. 


Since the process occurs quite fast, we assume an adiabatic quasiequilibrium process. Then 


(k — 1)/k (14—1)/1.4 
P. 1 
Т» = Т (2) = (373) (1) = 1390 К 
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The work is found by using the first law with О = 0: 
w= — ^u = —C,(T) — Т) = —(0.717)(1390 — 373) = —729 kJ/kg 


The work per unit mass is calculated since the mass (or volume) was not specified. 


4.16 Nitrogen at 100°C and 600 kPa expands in such a way that it can be approximated by a 
polytropic process with n = 1.2 [see (4.52)]. Calculate the work and the heat transfer if the 
final pressure is 100 kPa. 


The final temperature is found to be 
(n — 1)/n (1.2 — 1)/1.2 
P. 1 
Т = Т @ = (373) (с) = 2767К 
Р, 
The specific volumes аге 


_ ЕТ, (0.297)(373) | 3 _ ЕТ, _ (0.297)(276.7) _ Я 
v = Pp 600 = 0.1846 m` /kg v = Р, T 100 = 0.822 m” /kg 


The work is then [or use (4.53)] 


af 1 
w= n = PI l v "dv = (600)(0.1846)! 2 (a (0.822 9? — 0.1846 9?) = 143 kJ/kg 


The first law provides us with the heat transfer: 


q- w= Ли = Са) q — 143 = (0.745)(276.7 — 373) с.а =71.3kJ/kg 


4.17 How much work must be input by the paddle wheel in Fig. 4-24 to raise the piston 5 in? The 
initial temperature is 100°F. 


Frictionless piston 


Insulated cylinder 


175 lbf 
a 
v Waddle 
The first law, with О = 0, is 
W = AU or — PAAh — Woaddle = тС,(Т, = Ti) 


The pressure is found from a force balance on the piston: 


Р = 147 + 8 = 18.18 рѕіа 
т(4) 


The mass of the air is found from the ideal-gas law: 


PV (18.18)(144)(m)(4)?(10) /1728 
m= тт = 753.3) 560) = 0.0255 Ibm 
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The temperature 7» is 


СОРУ, _ (18.18)(144)(т)(4)(15)/1728 _, 
= mR” (0.0255)(53.3) = 840°К 


Finally, the paddle-wheel work is found to be 
Woaddie = = РААЛ- mC,(T; — Т) = — (18.18) (1)(4)? (5/12) — (0.0255)(0.171)(778)(840 — 560) 
= — 1331 ft-Ibf 


4.18 For the cycle in Fig. 4-25 find the work output and the net heat transfer if the 0.1 kg of air is 
contained in a piston-cylinder arrangement. 


P (kPa) 


V (та?) 


Fig. 4-25 
The temperatures and V4 are 
РУ (100)(0.08) (800) (0.08) 
T, = = = 278.7 K T = Т, = > = 2230 К 
|l mR — (0.1)(0.287) 279" G1) (0.287) * 
. P,V,  (800)(0.08) _ 3 
V; = B 100 = 0.64 m 
Using the definition of work for each process, we find 
8 
Wi.520 Wz_3 = mRT ln ee (0.1)(0.287) (2230) ine = 133.1 kJ 
Рз 


W3_1 = P(V; — V3) = (100)(0.08 — 0.64) = — 56 kJ 


The work output is then Wy, = 0 + 133.1 — 56.0 = 77.1 kJ. Since this is a complete cycle, the first law for a 
cycle provides us with 


Оле = Wi = 77.1 kJ 


4.19 Water enters a radiator through a 4-cm-diameter hose at 0.02 kg/s. It travels down through all the 
rectangular passageways on its way to the water pump. The passageways are each 10 x 1 mm and 
there are 800 of them in a cross section. How long does it take water to traverse from the top to 
the bottom of the 60-cm-high radiator? 


The average velocity through the passageways is found from the continuity equation, using 
Pwater = 1000 kg/m”: 
o m 0.02 
© PA, (1000)[(800)(0.01)(0.001)] 


m = pyV 4A, = р»\/ 5А» 2 1/» = 0.0025 m/s 


The time to travel 60 cm at this constant velocity is 


L 0.60 


V ~ 0.0025 


= 240s or 4 min 
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420 А 10-m? tank is being filled with steam at 800 kPa and 400°C. It enters the tank through a 
10-cm-diameter pipe. Determine the rate at which the density in the tank is varying when the 
velocity of the steam in the pipe is 20 m/s. 


The continuity equation with one inlet and no outlets is [see (4.56)]: 


атс, 


AV = 
ра di 


Since т, у = pV, where V is the volume of the tank, this becomes 


dp _ 1 dp _ 1 2 dp _ 3 
V—= y 4 105. = (сата) (7)(0.05)^ (20) 3 0.04087 Ке/т” -5 


421 Water enters а 4-ft-wide, 1/2-in-high channel with a mass flux of 15 Ibm/sec. It leaves with a 

parabolic distribution V (y) = Vmax(1 — y’/h*), where h is half the channel height. Calculate 

Umax апа U,,,, the average velocity over any cross section of the channel. Assume that the 

water completely fills the channel. 

The mass flux is given by т = pAV aye; hence, 
m 15 
Vasa = = 1.442 ft/sec 
= ра = (G2) 0723) 5 


At the exit the velocity profile is parabolic. Тһе mass flux, a constant, then provides us with 


m= | pVdA 
h 
15- of Vmax ( = z 44у = (62.4)(4U max) b 77 = = ћ = (62.4)(41/Л һа) aS 


Umax = 2.163ft/sec 


422 R134a enters a valve at 800 kPa and 30°C. The pressure downstream of the valve is measured to 
be 60 kPa. Calculate the internal energy downstream. 


The energy equation across the valve, recognizing that heat transfer and work are zero, is Йу = hy. The 
enthalpy before the valve is that of compressed liquid. The enthalpy of a compressed liquid is essentially 
equal to that of a saturated liquid at the same temperature. Hence, at 30°C in Table D-1, A, = 91.49 kJ/kg. 
Using Table D-2 at 60 kPa we find 


hy = 91.49 = h, + хә), = 3.46 + 221.27х› JX = 0.398 
The internal energy is then 


из = ug + (и, — иу) = 3.14 + 0.398[(206.12 — 3.14)] = 83.9 kJ/kg 


4.23 The pressure of 200 kg/s of water is to be increased by 4 MPa. The water enters through a 20-cm- 
diameter pipe and exits through a 12-cm-diameter pipe. Calculate the minimum horsepower 
required to operate the pump. 


The energy equation (4.68) provides us with 


The inlet and exit velocities are calculated as follows: 
и = Wous Шықшы. as Se as 
PA, — (1000)(7)(0.1) pA» (1000)(т)(0.06) 
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The energy equation then gives 


2 2 
Wp = —200 4000000 М?) mE = — 827200 W or 1109 hp 


Note: The above power calculation provides a minimum since we have neglected any internal energy 
increase. Also, the kinetic energy change represents only a 3 percent effect on Wp and could be neglected. 


A hydroturbine operates on a stream in which 100 kg/s of water flows. Estimate the maximum 
power output if the turbine is in a dam with a distance of 40 m from the surface of the reservoir to 
the surface of the backwater. 


The energy equation (4.68), neglecting kinetic energy changes, takes the form — Wr = mg(z; — zi), 
where we have assumed the pressure to be atmospheric on the water's surface above and below the dam. The 
maximum power output is then 


Wr = —(100)(9.81)(—40) = 39240 W_ or 3924 kW 


A turbine accepts superheated steam at 800 psia and 1200°F and rejects it as saturated vapor 
at 2 psia (Fig. 4-26). Predict the horsepower output if the mass flux is 1000 lbm/min. Also, 
calculate the velocity at the exit. 


800 psia 


1200 °F 


2 psia 
—- 
V, 


4 ft dia. 


Fig. 4-26 


Assuming zero heat transfer, the energy equation (4.66) provides us with 


) 1 
— Wr = (8 — һу) = к — 1623.8) = —8462 Btu/sec or 11970 hp 


where Tables C-3E and C-2E have provided the enthalpies. By (4.58), 
vm (173.75)(1000/60) 


Vo = = = 230 ft/sec 
TTA т(2)> f 


Air enters a compressor at atmospheric conditions of 20°C and 80 kPa and exits at 800 kPa and 
200°C. Calculate the rate of heat transfer if the power input is 400 kW. The air exits at 20 m/s 
through an exit diameter of 10 cm. 


The energy equation, neglecting kinetic and potential energy changes, is О — Ws = mC „(Т = Ti); the 
mass flux is calculated to be 


P 800 5 
th = pAV = A = батут; (1)(0.05)?(20) = 0.9257 kg/s 
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Hence О = (0.9257)(1.00)(200 — 20) + (— 400) = —233.4kW. Note that the power input is negative, and a 
negative heat transfer implies that the compressor is losing heat. 


Air travels through the 4 x 2 m test section of a wind tunnel at 20 m/s. The gage pressure in the 
test section is measured to be —20 kPa and the temperature 20°C. After the test section, a 
diffuser leads to a 6-m-diameter exit pipe. Estimate the velocity and temperature in the exit pipe. 


The energy equation (4.72) for air takes the form 
V3 = V1 + 2C,(T, — Т) = 20? + (2)(1.00)(293 - Т.) 


The continuity equation, p, Aj, = p5 A5 /;, yields 


Р, = . < 80 8 zd 2 
RAVI 5 MAN лр езе -- аа ыы, 


The best approximation to the actual process is the adiabatic quasiequilibrium process. Using (4.49), letting 
р = lv, we have 


k-1 
S (2) or га = 223 5j = 298.9 
Т Хо pi^ [80/(0.287)(293)]° 


The above three equations include the three unknowns 7), 1/5, апа р». Substitute for T; and 1/ back into the 
energy equation and find 


5.384? 


p5 


= 20? + (2)(1.00)[293 — (298.9) (99)] 


This can be solved by trial and error to yield o; = 3.475 kg/m?. The velocity and temperature are then 


| 5.384 5384 
p 34175 


Vy = 1.55 m/s T; = (298.9)(00*) = (298.9)(3.475)?^ = 492 or 219°C 


Steam with a mass flux of 600 Ibm/min exits a turbine as saturated steam at 2 psia and passes 
through a condenser (a heat exchanger). What mass flux of cooling water is needed if the steam is 
to exit the condenser as saturated liquid and the cooling water is allowed a 15°F temperature rise? 


The energy equations (4.75) are applicable to this situation. The heat transfer rate for the steam is, 
assuming no pressure drop through the condenser, 


Ò, = m,(hyg = hy) = (600)(94.02 — 1116.1) = —613,200 Btu/min 
This energy is gained by the water. Hence, 
Oy = rity (Ay — hui) = тС, (Т — Tui) 613,200 = т.„(1.00)(15) т = 40,880 Ibm/min 
A simple steam power plant operates on 20 kg/s of steam, as shown in Fig. 4-27. Neglecting losses 
in the various components, calculate (a) the boiler heat transfer rate, (b) the turbine power 


output, (c) the condenser heat transfer rate, (d) the pump power requirement, (e) the velocity 
in the boiler exit pipe, and (7) the thermal efficiency of the cycle. 


Fig. 4-27 
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(а) Òg = m(hs — hy) = (20)(3625.3 — 167.5) = 69.15 MW, where we have taken the enthalpy hz to be л; 
at 40°C. 


(b) Wr = m(h, — h3) = -(20)(2584.6 — 3625.3) = 20.81 MW. 

(с) Qc = m(h, — h4) = (20)(167.57 — 2584.7) = — 48.34 MW. 

(d) Wp = m(P, — P,)/p = (20)(10000 — 10/1000) = 0.2 MW. 

(е) V = mv/A = (20)(0.03837)/z(0.15)? = 10.9 m/s. 

A п= (Wr — Wp)/Qg = (20.81 — 0.2)/69.15 = 0.298 or 29.8%. 


An insulated 4-m? evacuated tank is connected to a 4-MPa 600°C steam line. A valve is opened 
and the steam fills the tank. Estimate the final temperature of the steam in the tank and the final 
mass of the steam in the tank. 


From (4.81), with О = 0 and m; = 0, there results и; = h4, since the final mass m у is equal to the mass 
m, that enters. We know that across a valve the enthalpy is constant; hence, 


hy = Mine = 36744 kJ/kg 


The final pressure in the tank is 4 MPa, achieved when the steam ceases to flow into the tank. Using Py = 4 MPa 
and и, = 3674.4 kJ/kg, we find the temperature in Table C-3 to be 


(eso — 3650.1 
f к= 


ЕГ aess) (500) + 800 = 812.8 °C 
The specific volume at 4 MPa and 812.8°C is 


812.8 — 8 
v= aS) (0.1229 — 0.1169) + 0.1229 = 0.1244 f? /Ibm 


The mass of steam in the tank is then 


Supplementary Problems 


An unknown mass is attached by a pulley to a paddle wheel which is inserted in a volume of water. The mass 
is then dropped a distance of 3 m. If 100 J of heat must be transferred from the water in order to return the 
water to its initial state, determine the mass in kilograms. 


While 300 J of heat is added to the air in the cylinder of Fig. 4-28, the piston raises a distance of 0.2 m. 
Determine the change in internal energy. 
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Fig. 4-29 
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A constant force of 600 Ibf is required to move the piston shown in Fig. 4-29. If 2 Btu of heat is transferred 
from the cylinder when the piston moves the entire length, what is the change in internal energy? 


Each of the letters (a) through (e) in the accompanying table represents a process. Supply the missing values, 
in kJ. 


A system undergoes a cycle consisting of four processes. Some of the values of the energy transfers and 
energy changes are given in the table. Fill in all the missing values. All units are kJ. 


Process 


1—2 
2—3 
з—4 


4—1 


A 12-V battery is charged by supplying 3 A over a period of 6 h. If a heat loss of 400 kJ occurs from the 
battery during the charging period, what is the change in energy stored within the battery? 


A 12-V battery delivers a current of 10 A over a 30-min time period. The stored energy decreases by 300 kJ. 
Determine the heat lost during the time period. 


A 110-V heater draws 15 A while heating a particular air space. During a 2-h period the internal energy in 
the space increases by 8000 Btu. Calculate the amount of heat lost in Btu. 


How much heat must be added to a 0.3-m? rigid volume containing water at 200°C in order that the final 
temperature be raised to 800°C? The initial pressure is 1 MPa. 


A 0.2-m? rigid volume contains steam at 600 kPa and a quality of 0.8. If 1000 kJ of heat is added, determine 
the final temperature. 


A piston-cylinder arrangement provides a constant pressure of 120 psia on steam which has an initial quality 
of 0.95 and an initial volume of 100 in*. Determine the heat transfer necessary to raise the temperature to 
1000°F. Work this problem without using enthalpy. 


Steam is contained in a 4-liter volume at a pressure of 1.5 MPa and a temperature of 200 °С. If the pressure is 
held constant by expanding the volume while 40 kJ of heat is added, find the final temperature. Work this 
problem without using enthalpy. 


Work Prob. 4.41 using enthalpy. 
Work Prob. 4.42 using enthalpy. 


Calculate the heat transfer necessary to raise the temperature of 2 kg of steam, at a constant pressure of 
100 kPa (а) from 50°C to 400°C and (5) from 400°C to 750°C. 
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4.46 Steam is contained in a 1.2-m? volume at a pressure of 3 MPa and a quality of 0.8. The pressure is held 
constant. What is the final temperature if (a) 3 MJ and (b) 30 MJ of heat is added? Sketch the process on a T-v 
diagram. 


4.47 Estimate the constant-pressure specific heat for steam at 400 °C if the pressure is (а) 10 kPa, (Б) 100 kPa, and 
(c) 30000 kPa. 


4.48 Determine approximate values for the constant-volume specific heat for steam at 800°F if the pressure is 
(a) 1 psia, (b) 14.7 psia, and (c) 3000 psia. 


4.49 Calculate the change in enthalpy of 2 kg of air which is heated from 400 К to 600 К if (a) С, = 1.006 kJ/kg-K, 
(b) С, = 0.946 + 0.213 x 10? T — 0.031 x 10 5T? kJ/kg- К, and (с) the gas tables are used. 


4.50 Compare the enthalpy change of 2 kg of water for a temperature change from 10°C to 60°C with that of 
2 kg of ice for a temperature change from —60°C to —10°C. 


451 Two MJ of heat is added to 2.3 kg of ice held at a constant pressure of 200 kPa, at (а) — 60°C and (b) 0°C. 
What is the final temperature? Sketch the process on a T-v diagram. 


4.52 What is the heat transfer required to raise the temperature of 10 Ibm of water from 0°F (ice) to 600°F 
(vapor) at a constant pressure of 30 psia? Sketch the process on a T-v diagram. 


4.53 Five ice cubes (4 x 2 x 2cm) at — 20°C are added to an insulated glass of cola at 20°C. Estimate the final 
temperature (if above 0 °C) or the percentage of ice melted (if at 0°C) if the cola volume is (a) 2 liters and 
(b) 0.25 liters. Use pice = 917 kg/m. 


4.54 А 40-Ibm block of copper at 200°F is dropped in an insulated tank containing 3 ft? of water at 60°F. 
Calculate the final equilibrium temperature. 


4.55 А 50-kg block of copper at 0°C and a 100-kg block of iron at 200°C are brought into contact in an insulated 
space. Predict the final equilibrium temperature. 


4.56 Determine the enthalpy change and the internal energy change for 4 kg of air if the temperature changes 
from 100°C to 400°C. Assume constant specific heats. 


4.57 For each of the following quasiequilibrium processes supply the missing information. The working fluid is 
0.4 kg of air in a cylinder. 


4.58 | For each of the quasiequilibrium processes presented in the table in Prob. 4.57, supply the missing informa- 
tion if the working fluid is 0.4 kg of steam. [Note: for process (a) it is necessary to integrate graphically.] 


4.59 One thousand Btu of heat is added to 2 Ibm of steam maintained at 60 psia. Calculate the final temperature 
if the initial temperature of the steam is (а) 600°F and (b) 815°F. 


4.60 Fifty kJ of heat is transferred to air maintained at 400 kPa with an initial volume of 0.2 m°. Determine the 
final temperature if the initial temperature is (a) 0°C and (b) 200°C. 


4.61 The initial temperature and pressure of 8000 cm? of air are 100°C and 800 kPa, respectively. Determine the 
necessary heat transfer if the volume does not change and the final pressure is (a) 200 kPa and (b) 3000 kPa. 
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Calculate the heat transfer necessary to raise the temperature of air, initially at 10°C and 100 kPa, to a 
temperature of 27°C if the air is contained in an initial volume with dimensions 3 x 5 x 2.4 m. The pressure 
is held constant. 


Heat is added to a fixed 0.15-m? volume of steam initially at a pressure of 400 kPa and a quality of 0.5. 
Determine the final pressure and temperature if (a) 800 kJ and (b) 200 kJ of heat is added. Sketch the process 
on a P-v diagram. 


Two hundred Btu of heat is added to a rigid air tank which has a volume of 3 ft. Find the final temperature 
if initially (2) P = 60 psia and T = 30°F and (b) P = 600 psia and T = 820°F. Use the air tables. 


A system consisting of 5 kg of air is initially at 300 kPa and 20°C. Determine the heat transfer necessary to 
(a) increase the volume by a factor of two at constant pressure, (b) increase the pressure by a factor of two at 
constant volume, (c) increase the pressure by a factor of two at constant temperature, and (d) increase the 
absolute temperature by a factor of 2 at constant pressure. 


Heat is added to a container holding 0.5 m? of steam initially at a pressure of 400 kPa and a quality of 
80 percent (Fig. 4-30). If the pressure is held constant, find the heat transfer necessary if the final temperature 
is (a) 500°C and (b) 675°C. Also determine the work done. Sketch the process on a T-v diagram. 


Fig. 4-30 


A rigid 1.5-m? tank at a pressure of 200 kPa contains 5 liters of liquid and the remainder steam. Calculate the 
heat transfer necessary to (a) completely vaporize the water, (b) raise the temperature to 400°C, and (c) raise 
the pressure to 800 kPa. 


Ten Btu of heat is added to a rigid container holding 4 Ibm of air in a volume of 100 f?. Determine AH. 


Eight thousand cm? of air in a piston-cylinder arrangement is compressed isothermally at 30°C from a 
pressure of 200 kPa to a pressure of 800 kPa. Find the heat transfer. 


Two kilograms of air is compressed in an insulated cylinder from 400 kPa to 15000 kPa. Determine the final 
temperature and the work necessary if the initial temperature is (а) 200°C and (р) 350°C. 


Air is compressed in an insulated cylinder from the position shown in Fig. 4-31 so that the pressure increases 
to 5000 kPa from atmospheric pressure of 100 kPa. What is the required work if the mass of the air is 0.2 kg? 


The average person emits approximately 400 Btu of heat per hour. There are 1000 people in an unventilated 
room 10 x 75 x 150 ft. Approximate the increase in temperature after 15 min, assuming (a) constant 
pressure and (b) constant volume. (c) Which assumption is the more realistic? 


Two hundred kJ of work is transferred to the air by means of a paddle wheel inserted into an insulated 
volume (Fig. 4-32). If the initial pressure and temperature are 200 kPa and 100°C, respectively, determine 
the final temperature and pressure. 
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Fig. 4-31 


Fig. 4-32 


A 2-kg rock falls from 10 m and lands in a 10-liter container of water. Neglecting friction during the fall, 
calculate the maximum temperature increase in the water. 


A torque of 10 N-m is required to turn a paddle wheel at the rate of 100 rad/s. During a 45-s time period a 
volume of air, in which the paddle wheel rotates, is increased from 0.1 to 0.4 m?. The pressure is maintained 
constant at 400 kPa. Determine the heat transfer necessary if the initial temperature is (a) 0°C and (b) 300°C. 


For the cycle shown in Fig. 4-33 find the work output and the net heat transfer, if 0.8 Ibm of air is contained 
in a cylinder with Т) = 800°F, assuming the process from 3 to 1 is (a) an isothermal process and (b) an 
adiabatic process. 


For the cycle shown in Fig. 4-34 find the net heat transfer and work output if steam is contained in a cylinder. 


© © 


60 psia |- — — — 
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4.78 If 0.03 kg of air undergoes the cycle shown in Fig. 4-35, a piston-cylinder arrangement, calculate the work 
output. 


4.79 Airis flowing at an average speed of 100 m/s through a 10-cm-diameter pipe. If the pipe undergoes an 
enlargement to 20 cm in diameter, determine the average speed in the enlarged pipe. 


Fig. 4-36 


4.80 ^ Air enters a vacuum cleaner through a 2-in-diameter pipe at a speed of 150 ft/sec. It passes through a 
rotating impeller (Fig. 4-36), of thickness 0.5 in., through which the air exits. Determine the average velocity 
exiting normal to the impeller. 


4.81 Айт enters a device at 4 MPa and 300°C with a velocity of 150 m/s. The inlet area is 10 cm? and the outlet 
area is 50 cm?. Determine the mass flux and the outlet velocity if the air exits at 0.4 MPa and 100°C. 


4.82 Air enters the device shown in Fig. 4-37 at 2 MPa and 350°C with a velocity of 125 m/s. At one outlet area 
the conditions are 150 kPa and 150°C with a velocity of 40 m/s. Determine the mass flux and the velocity at 
the second outlet for conditions of 0.45 MPa and 200°C. 


Fig. 4-37 


4.83 Steam at 400 kPa and 250°C is being transferred through а 50-cm-diameter pipe at a speed of 30 m/s. It 
splits into two pipes with equal diameters of 25 cm. Calculate the mass flux and the velocity in each of the 
smaller pipes if the pressure and temperature are 200 kPa and 200°C, respectively. 
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Steam enters a device through a 2-in? area at 500 psia and 600°F. It exits through a 10-in? area at 20 psia 
and 400°F with a velocity of 800 ft/sec. What are the mass flux and the entering velocity? 


Steam enters a 10-m? tank at 2 MPa and 600°C through an 8-cm-diameter pipe with a velocity of 20 m/s. It 
leaves at 1 MPa and 400°C through a 12-cm-diameter pipe with a velocity of 10 m/s. Calculate the rate at 
which the density in the tank is changing. 


Water flows into a 1.2-cm-diameter pipe with a uniform velocity of 0.8 m/s. At some distance down the pipe 
a parabolic velocity profile is established. Determine the maximum velocity in the pipe and the mass flux. 
The parabolic profile can be expressed as V(r) = Vmax(1 — r?/ R2), where В is the radius of the pipe. 


Water enters the contraction shown in Fig. 4-38 with a parabolic profile V(r) = 2(1 — т”) m/s, where r is 
measured in centimeters. The exiting profile after the contraction is essentially uniform. Determine the mass 
flux and the exit velocity. 


d,-2cm 
2 
4,= 0.5 ст 


NIV 
Ш 


Fig. 4-38 


Air enters a 4-in. constant-diameter pipe at 100 ft/sec with a pressure of 60 psia and a temperature of 100°F. 
Heat is added to the air, causing it to pass a downstream area at 70 psia, 300 °F. Calculate the downstream 
velocity and the heat transfer rate. 


Water at 9000 kPa and 300 °C flows through a partially open valve. The pressure immediately after the valve 
is measured to be 600 kPa. Calculate the specific internal energy of the water leaving the valve. Neglect 
kinetic energy changes. (Note: The enthalpy of slightly compressed liquid is essentially equal to the enthalpy 
of saturated liquid at the same temperature.) 


Steam at 9000 kPa and 600°C passes through a throttling process so that the pressure is suddenly reduced to 
400 kPa. (a) What is the expected temperature after the throttle? (b) What area ratio is necessary for the 
kinetic energy change to be zero? 


Water at 70°F flows through the partially open valve shown in Fig. 4-39. The area before and after the valve 
is the same. Determine the specific internal energy downstream of the valve. 


Fig. 4-39 
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The inlet conditions on an air compressor are 50 kPa and 20°C. To compress the air to 400 kPa, 5 kW of 
energy is needed. Neglecting heat transfer and kinetic and potential energy changes, estimate the mass flux. 


The air compressor shown in Fig. 4-40 draws air from the atmosphere and discharges it at 500 kPa. 
Determine the minimum power required to drive the insulated compressor. Assume atmospheric conditions 
of 25°C and 80 kPa. 


а От 1/— 100 m/s 


SS 4-1 Motor 
xO ҒАЙ 
Compressor 
Fig. 4-40 


The power required to compress 0.01 kg/s of steam from a saturated vapor state at 50°C to a pressure of 
800 kPa at 200°C is 6 kW. Find the rate of heat transfer from the compressor. 


Two thousand Ibm/hr of saturated water at 2 psia is compressed by a pump to a pressure of 2000 psia. 
Neglecting heat transfer and kinetic energy change, estimate the power required by the pump. 


The pump in Fig. 4-41 increases the pressure in the water from 200 to 4000 kPa. What is the minimum 
horsepower motor required to drive the pump for a flow rate of 0.1 m?/s? 


100 mm 


Fig. 4-41 


A turbine at a hydroelectric plant accepts 20 т? /ѕ of water at a gage pressure of 300 kPa and discharges it to 
the atmosphere. Determine the maximum power output. 


Water flows in a creek at 1.5 m/s. It has cross-sectional dimensions of 0.6 x 1.2 m upstream of a proposed 
dam which would be capable of developing a head of 2 m above the outlet of a turbine. Determine the 
maximum power output of the turbine. 


Superheated steam at 800 psia and 1000°F enters a turbine at a power plant at the rate of 30 Ib/sec. 
Saturated steam exits at 5 psia. If the power output is 10 MW, determine the heat transfer rate. 


Superheated steam enters an insulated turbine (Fig. 4-42) at 4000 kPa and 500 °С and leaves at 20 kPa. If the 
mass flux is 6 kg/s, determine the maximum power output and the exiting velocity. Assume an adiabatic 
quasiequilibrium process so that sy = sı. 


Air enters a turbine at 600 kPa and 100°C through a 100-mm-diameter pipe at a speed of 100 m/s. The air 
exits at 140 kPa and 20°C through a 400-mm-diameter pipe. Calculate the power output, neglecting heat 
transfer. 
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Fig. 4-42 


A turbine delivers 500 kW of power by extracting energy from air at 450 kPa and 100°C flowing in a 
120-mm-diameter pipe at 150 m/s. For an exit pressure of 120 kPa and a temperature of 20°C determine the 
heat transfer rate. 


Water flows through a nozzle that converges from 4 in. to 0.8 in. in diameter. For a mass flux of 30 Ibm/sec 
calculate the upstream pressure if the downstream pressure is 14.7 psia. 


Air enters a nozzle like that shown in Fig. 4-43 at a temperature of 195°C and a velocity of 100 m/s. If the 
air exits to the atmosphere where the pressure is 85 kPa, find (a) the exit temperature, (b) the exit velocity, 
and (c) the exit diameter. Assume an adiabatic quasiequilibrium process. 


100 m/s 


d,- 200 mm 


Fig. 4-43 


Nitrogen enters a diffuser at 200 m/s with a pressure of 80 kPa and a temperature of — 20°C. It leaves with a 
velocity of 15 m/s at an atmospheric pressure of 95 kPa. If the inlet diameter is 100 mm, calculate (a) the 
mass flux and (b) the exit temperature. 


Steam enters a diffuser as a saturated vapor at 220°F with a velocity of 600 ft/sec. It leaves with a velocity of 
50 ft/sec at 20 psia. What is the exit temperature? 


Water is used in a heat exchanger (Fig. 4-44) to cool 5 kg/s of air from 400°C to 200°C. Calculate (a) the 
minimum mass flux of the water and (р) the quantity of heat transferred to the water each second. 


20°C 


Air Air 
Heat 
exchanger 
200°C 2092 
———- 30°C 


Water 


Fig. 4-44 
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4.108 А simple steam power plant, shown schematically in Fig. 4-45, operates on 8kg/s of steam. Losses іп the 
connecting pipes and through the various components are to be neglected. Calculate (a) the power output of 
the turbine, (b) the power needed to operate the pump, (c) the velocity in the pump exit pipe, (d) the heat 
transfer rate necessary in the boiler, (е) the heat transfer rate realized in the condenser, (f) the mass flux of 
cooling water required, and (g) the thermal efficiency of the cycle. 


Fig. 4-45 


4.109 A feed water heater is used to preheat water before it enters a boiler, as shown schematically in Fig. 4-46. A mass 
flux of 30 kg/s flows through the system and 7 kg/s is withdrawn from the turbine for the feed water heater. 
Neglecting losses through the various pipes and components determine (a) the feed water heater outlet tempera- 
ture, (b) the boiler heat transfer rate, (c) the turbine power output, (d) the total pump power required, (e) the 
energy rejected by the condenser, (f) the cooling water mass flux, and (g) the thermal efficiency of the cycle. 


1.5 MPa 300°C 


Feedwater 
heater 


Cooling water 


Fig. 4-46 


4.110 А turbine is required to provide a total output of 100 hp. The mass flux of fuel is negligible compared with 
the mass flux of air. The exhaust gases can be assumed to behave as air. If the compressor and turbine 
(Fig. 4-47) are assumed adiabatic, calculate the following, neglecting all losses: (a) the mass flux of the air, 
(b) the horsepower required by the compressor, and (c) the power supplied by the fuel. 


4.11 A steam line containing superheated steam at 1000 psia and 1200°F is connected to a 50-f evacuated 
insulated tank by a small line with a valve. The valve is closed when the pressure in the tank just reaches 800 
psia. Calculate (a) the final temperature in the tank and (b) the mass of steam that entered the tank. 


4112 Air is contained in a 3-m? tank at 250 kPa and 25°C. Heat is added to the tank as the air escapes, thereby 
maintaining the temperature constant at 25°C. How much heat is required if the air escapes until the final 
pressure is atmospheric? Assume Py, = 80 kPa. 
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4.113 


4.114 


4.115 


4.116 


4.117 


Fuel 


Combustion 
chamber 
[Gem fe EE — Wa 


ssor 
Air 
Exhaust 
gases 


Fig. 4-47 


An air line carries air at 800 kPa (Fig. 4-48). An insulated tank initially contains 20°C air at atmospheric 
pressure of 90 kPa. The valve is opened and air flows into the tank. Determine the final temperature of the 
air in the tank and the mass of air that enters the tank if the valve is left open. 


Air line 80 °C 


5-m? tank 


Fig. 4-48 


An insulated tank is evacuated. Air from the atmosphere at 12 psia and 70°F is allowed to flow into the 
100-ft? tank. Calculate (a) the final temperature and (b) the final mass of air in the tank just after the flow 
ceases. 


(a) An insulated tank contains pressurized air at 2000 kPa and 30°C. The air is allowed to escape to the 
atmosphere (Ри = 95 kPa, Tatm = 30°C) until the flow ceases. Determine the final temperature in the tank. 
(b) Eventually, the air in the tank will reach atmospheric temperature. If a valve was closed after the initial 
flow ceased, calculate the pressure that is eventually reached in the tank. 


An insulated tank with a volume of 4 m? is pressurized to 800 kPa at a temperature of 30°C. An automatic 
valve allows the air to leave at a constant rate of 0.02 kg/s. (a) What is the temperature after 5 min? (b) What 
is the pressure after 5 min? (c) How long will it take for the temperature to drop to — 20°C? 


A tank with a volume of 2 m? contains 90 percent liquid water and 10 percent water vapor by volume at 100 kPa. 
Heat is transferred to the tank at 10 kJ/min. A relief valve attached to the top of the tank allows vapor to 
discharge when the gage pressure reaches 600 kPa. The pressure is maintained at that value as more heat is 
transferred. (а) What is the temperature in the tank at the instant the relief valve opens? (b) How much mass is 
discharged when the tank contains 50 percent vapor by volume? (c) How long does it take for the tank to contain 
75 percent vapor by volume? 
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Review Questions for the FE Examination 


Select a correct statement of the first law if kinetic and potential energy changes are negligible. 
(A) Heat transfer equals work for a process. 

(B) Net heat transfer equals net work for a cycle. 

(C) Net heat transfer minus net work equals internal energy change for a cycle. 

(D) Heat transfer minus work equals internal energy for a process. 


Select the incorrect statement of the first law if kinetic and potential energy changes are negligible. 

(A) Heat transfer equals internal energy change for a process. 

(B) Heat transfer and work have the same magnitude for a constant-volume quasiequilibrium process in 
which the internal energy remains constant. 

(C) The total energy input must equal the total work output for an engine operating on a cycle. 

(D) The internal energy change plus the work must equal zero for an adiabatic quasiequilibrium process. 


Ten kilograms of hydrogen is contained in a rigid, insulated tank at 20°C. Estimate the final temperature if 
a 400-W resistance heater operates in the hydrogen for 40 minutes. 

(A) 116°C 

(B) 84°C 

(C) 29°C 

(D) 27°C 


Saturated water vapor at 400 kPa is heated in a rigid volume until 7; = 400°C. The heat transfer is nearest: 
(A) 407 kJ/kg 
(B) 508 kJ/kg 
(C) 604 kJ/kg 
(D) 702 kJ/kg 


Find the work needed to compress 2 kg of air in an insulated cylinder from 100 kPa to 600 kPa if 
T, = 20°С. 


(A) —469 kJ 
(B) —390 kJ 
(C) -280 kJ 
(D) —220 kJ 


Find the temperature rise after 5 minutes in the 
volume of Fig. 4-49. 

(A) 423°C 

(B) 378°C 10N-m 
(C) 313°C 
(D) 287°C 


100 rad/s 


One kilogram of air is compressed at T = 100°C 
until V; = 2V;. How much heat is rejected? 

(A) 42 kJ 

(B) 53 kJ 

(C) 67 kJ Fig. 4-49 
(D) 74 kJ 


Insulated 


Energy is added to 5 kg of air with a paddle wheel until AT = 100°C. Find the paddle wheel work if the 
rigid volume is insulated. 

(A) 524 kJ 

(B) 482 kJ 

(C) 412 kJ 

(D) 358 kJ 
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Initially Ру = 400 kPa and T; = 400°C, as shown in Fig. 4-50. 
What is T; when the frictionless piston hits the stops? 

(A) 315°C 

(B) 316°C 

(C) 317°C 

(D) 318°C 


What heat is released during the process of Question 4.9FE? 

(A) 190 kJ Fig. 4-50 
(B) 185 kJ 

(C) 180 kJ 

(D) 175 kJ 


After the piston of Fig. 4-50 hits the stops, how much additional heat is released before Р; = 100 kPa? 
(A) 1580 kJ 

(B) 1260 kJ 

(C) 930 kJ 

(D) 730 kJ 


The pressure of 10 kg of air is increased isothermally at 60°C from 100 kPa to 800 kPa. Estimate the 
rejected heat. 
(A) 1290 kJ 
(B) 1610 kJ 
(C) 1810 kJ 
(D) 1990 kJ 


Saturated water is heated at constant pressure of 400 kPa until Т, = 400°C. Estimate the heat 
removal. 

(A) 2070 kJ/kg 

(B) 2370 kJ/kg 

(C) 2670 kJ/kg 

(D) 2870 kJ/kg 


One kilogram of steam in a cylinder requires 170 kJ of heat transfer while the pressure remains constant 
at 1 MPa. Estimate the temperature 7 if Т = 320°C. 

(A) 420*C 

(B) 410^C 

(C) 400°C 

(D) 390*C 


Estimate the work required for the process of Question 4.14FE. 
(A) 89 kJ 
(B) 85 kJ 
(С) 45 kJ 
(D) 39 kJ 


The pressure of steam at 400°C and u = 2949 kJ-kg is nearest: 
(A) 2000 kPa 
(B) 1900 kPa 
(C) 1800 kPa 
(D) 1700 kPa 


The enthalpy of steam at Р = 500 kPa and v = 0.7 m?/kg is nearest: 
(A) 3480 kJ/kg 
(B) 3470 kJ/kg 
(C) 3460 kJ/kg 
(D) 3450 kJ/kg 
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Estimate C, for steam at 4 MPa and 350°C. 
(А) 2.48 kJ/kg °C 
(B) 2.71 kJ/kg ^C 
(С) 2.53 kJ/kg °C 
(D) 2.31 kJ/kg ^C 


Methane is heated at constant pressure of 200 kPa from 0°C to 300°C. How much heat is needed? 
(A) 731 kJ/kg 
(B) 692 kJ/kg 
(C) 676 kJ/kg 
(D) 623 kJ/kg 


Estimate the equilibrium temperature if 20 kg of copper at 0°C and 10 L of water at 30°C are placed in an 
insulated container. 

(A) 27.2°C 

(В) 25.4°C 

(C) 22.4°C 

(D) 20.3°C 


Estimate the equilibrium temperature if 10 kg of ice at 0°C is mixed with 60 kg of water at 20°C in an 
insulated container. 

(A) 12°C 

(B) 5.8°C 

(C) 2.1°C 

(D) 1.1°C 


The table shows a three-process cycle; determine c. Process 
(A) 140 
(B) 100 ee 
(C) 80 233 
(D) 40 


3-1 


Find шу _ 2 for the process of Fig. 4-51. 
(A) 219 kJ/kg 
(B) 166 kJ/kg 
(C) 113 kJ/kg 
(D) 53 kJ/kg 
P 
Find шз _ | for the process of Fig. 4-51. 
(A) —219 kJ/kg 800 kPa 1 
(B) —166 kJ/kg 
(C) —113 kJ/kg 
(D) —53 kJ/kg 


Т = const. 


Find дусе for the processes of Fig. 4-51. 
(A) 219 kJ/kg 
(B) 166 kJ/kg 
(C) 113 kJ/kg 
(D) 53 kJ/kg Fig. 4-51 


0.1 0.8 v,m/kg 


Clothes are hung on a clothesline to dry on a freezing winter day. The clothes dry due to: 
(A) sublimation 

(B) evaporation 

(C) vaporization 

(D) melting 
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Air is compressed adiabatically from 100 kPa and 20°C to 800 kPa. 7» is nearest: 
(A) 440°C 
(B) 360°C 
(C) 290°C 
(D) 260°C 


The work required to compress 2 kg of air in an insulated cylinder from 100°C and 100 kPa to 600 kPa 
is nearest: 

(A) 460 kJ 

(B) 360 kJ 

(C) 280 kJ 

(D) 220 kJ 


One hundred people are in a 10 m x 20 m x 3 m meeting room when the air conditioning fails. Estimate the 
temperature increase if it is off for 15 min. Each person emits 400 kJ/hr of heat and the lights add 300 W of 
energy. Neglect all other forms of energy input. 

(A) 15°C 

(B) 18°C 

(C) 21°C 

(D) 25°C 


Air undergoes a three-process cycle with a P = const. process, a T = const. process, and a V = const. process. 
Select the correct statement for a piston-cylinder arrangement. 

(A) W — 0 for the Р = const. process 

(B) Q — O0 for the V = const. process 

(С) Q=0 for the T = const. process 

(D) W = 0 for the V = const. process 


The term т AA іп a control volume equation О — W, = mAh: 

(A) Accounts for the rate of change in energy of the control volume. 

(B) Represents the rate of change of energy between the inlet and outlet. 
(C) Is often neglected in control-volume applications. 

(D) Includes the work rate due to the pressure forces. 


Select an assumption that is made when deriving the continuity equation pj A; V1 = p53 A5 V5. 
(A) Incompressible flow 

(B) Steady flow 

(C) Uniform flow 

(D) Isothermal flow 


A nozzle accelerates air from 20 m/s to 200 m/s. What temperature change is expected? 
(A) 40°C 
(B) 30°C 
(C) 20°C 
(D) 10°C 


Steam enters a valve at 10 MPa and 550°C and exits at 0.8 MPa. The exiting temperature is nearest: 
(A) 590°C 
(B) 535°C 
(C) 520°C 
(D) 510°C 


Air enters an insulated compressor at 100 kPa and 20°C and exits at 800 kPa. The exiting temperature 
is nearest: 


(A) 530°C 
(B) 462°C 
(C) 323°C 


(D) 258°C 
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If m = 2 kg/s for the compressor of Question 4.35FE and d; = 20 cm, calculate 1/;. 
(A) 62 m/s 
(B) 53 m/s 
(C) 41 m/s 
(D) 33 m/s 


10 kg/s of saturated steam at 10 kPa is to be completely condensed using 400 kg/s of cooling water. 
Estimate the temperature change of the cooling water. 

(A) 32°C 

(B) 24°C 

(C) 18°C 

(D) 14°C 


100 kg/min of air enters a relatively short, constant-diameter tube at 25°C and leaves at 20°C. Estimate the 
heat loss. 

(A) 750 kJ/min 

(B) 670 kJ/min 

(C) 500 kJ/min 

(D) 360 kJ/min 


The minimum power needed by a water pump that increases the pressure of 4 kg/s from 100 kPa to 6 MPa is: 
(A) 250 kW 

(B) 95 kW 

(C) 24 kW 

(D) 6 kW 


A key concept in analyzing the filling of an evacuated tank is: 
(A) The mass flow rate into the tank remains constant. 

(B) The enthalpy across a valve remains constant. 

(C) The internal energy in the tank remains constant. 

(D) The temperature in the tank remains constant. 


A given volume of material, initially at 100°C, cools to 60°C in 40 seconds. Assuming no phase change and 
only convective cooling to air at 20°C, how long would it take the same material to cool to 60°C if the heat 
transfer coefficient were doubled? 

(А) 38 

(B) 4s 

(C) 20s 

(D) 80s 


Answers to Supplementary Problems 


4.31 3.398 kg 

432 1033] 

4.33 0.49 Btu 

4.34 (а)15,22 (b)3,14 (c)25,15  (d)—30, —10 (е) –4, —14 
4.35 (a)—200 (b)0 (с) 800 (а) 1000 (е) 1200 

4.36 378 kJ 

437 84kJ 

4.38 3260 Btu 

4.39 1505 kJ 

4.40 686°С 
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4.41 6.277 Btu 

4.42 785°C 

4.43 6.274 Btu 

4.44 787°C 

4.45 (а) 6140 kJ (b) 1531 kJ 

4.46 (а) 233.9°С (р) 645°С 

4.47 (а) 2.06 kJ/kg°C (Б) 2.07 kJ/kg°C (с) 13.4 KJ/kg^C 

4.48 (а) 0.386 Btu/Ibm-^F (Р) 0.388 Btu/lbm-^F (с) 1.96 Btu/Ibm- °F 

4.49 (a)402kJ (5,418 КІ (с) 412 kJ 

4.50 418 kJ vs. 186 kJ 

4.51 (а) 104°C (Б) 120.2°С 

4.52 14,900 Btu 

4.53 (а) 162°С (b) 76.4% 

4.54 62.7°F 

4.55 139.5°С 

4.56 1200 КЈ, 860 КЈ 

4.57 (а) 60, 0, 0, 100, 203, 0.856, 0.211; (b) 57.4, 0, 57.4, 100, 130, 0.329, 0.329; 
0.166, 0.109; (а) 0, — 131, 131, 182, 706, 1124, 125 

4.58 (а) 49.4, 10.2, 11.8, 100, 100, 1.37, 0.671; — (5) 80, 0, 80, 170, 170, 0.526, 0.526; 
0.226, 0.177; (а) 0, — 190, 190, 245, 550, 1500, 200 

4.59 (а) 1551°Е (Ы) 1741 °Е 

4.60 (а) 49.02С (Б) 249°C 

4.61 (а) – 12.0 КІ (b) 44.0 kJ 

4.62 753 kJ 

4.63 (а) 1137 kPa, 314°С (р) 533 kPa, 154°C 

4.64 (а) 1135°Е (№) 1195°Е 

4.65 (а) 1465 kJ (Б) 1050 КІ (с) – 291 kJ (а) 1465 kJ 

4.66 (а) 1584 kJ (b) 2104 kJ 

4.67 (а) 9.85 MJ (Ы) 12.26 МЈ (c) 9.53 MJ 

4.68 14.04 Btu 

4.69 —2.22 kJ 

470 (а) – 1230 kJ (Б) —1620 kJ 

471 —116 kJ 

4.72 (a)49.4°F (Б) 69.4°F (с) constant pressure 

4.73 174.7°C, 240.1 kPa 

4.74 4.69°C 

4.75 (а) 373 КІ (Б) 373 kJ 

4.76 (а) 7150 ft-lbf, 9.19 Btu (b) 9480 ft-lbf, 12.2 Btu 

477 1926 kJ, 1926 kJ 

4.78 4.01 kJ 

4.79 25 m/s 

4.80 37.5 ft/sec 

4.81 3.65 kg/s, 195.3 m/s 

4.82 6.64 kg/s, 255 m/s 

4.83 4.95 kg/s, 109 m/s 
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(c) 28.4, 71.6, 100, 450, 500, 


(c) 23.5, 76.5, 100, 320, 500, 
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4.84 2.18 Ibm/sec, 182.2 ft/sec 

4.85 0.01348 kg/m*s 

4.86 1.6 m/s, 0.0905 kg/s 

4.87 0.314 kg/s, 16 m/s 

4.88 116.3 ft/sec, 121.2 Btu/sec 

4.89 1282 kJ/kg 

4.90 (a) 569°С (Б) 22.3 

4.91 39.34 Btu/Ibm 

4.92 0.021 kg/s 

4.93 571 kW 

4.94 3.53 kW 

4.95 4.72 hp 

4.96 346 hp 

4.97 6MW 

4.98 21.19 kW 

4.99 —1954Btu/sec 

4.100 6.65 MW, 80.8 m/s 

4.1001 373 kW 

4.102 —70.5 kW 

4.103 142.1 psia 

4.104 (a) —3.3?C (D) 638 m/s (с) 158 mm 
4.105 (a)1.672kg/s (b) —0.91°C 

4.106 238^F 

4.107 (а) 23.9 kg/s (b)l MJ 

4.108 (а) 9.78 MW (Б) 63.8 kW (с) 407 m/s (4) 27.4 MW (е) 17.69 MW  (f)l4lkg/s (8) 35.5% 
4.109 (а) 197°С (Б) 83.4 MW (с) 30.2MW (4) 289 kW. (е) 53.5 MW (f) Sl2kg/s (8) 35.9% 
4.110 (а) 0.1590 kg/s (Б) 37.7 һр (с) 126.1 kW 
4.111 (а) 1587°Е (b) 33.1 Ibm 
4.112 503 КЈ 
4.113 184°C, 25.1 kg 
4.114 (a) 284°F (БЫ) 4.36 Ibm 
4.115 (a) –146°С (5) 227 kPa 
4.116 (a)9.2°C (Ы) 624 КРа (с) 11.13 min 
4.17 (а) 158.9°С (5) 815 Кв (с) 11.25 һ 


Answers to Review Questions for ће FE Examination 


4ЛҒЕ (В) 4.2FE (A) 43FE(C) 4.4FE (A) 4.5ЕЕ (С) 4.6FE(C) 4.7FE(D) 4.8FE (D) 4.9ЕЕ (A) 
4.10FE (D) 4.11FE (A) 4.12FE (D) 4.13FE (C) 4.14FE (C) 4.15FE (D) 4.16FE (D) 4.17FE (C) 
4.18FE (C) 4.19FE (C) 4.20FE (B) 4.21FE (B) 4.22FE (C) 4.23FE (B) 4.24FE (C) 4.25FE (D) 
4.26FE (A) 4.27FE(D) 4.28FE (B) 4.29FE (A) 4.30FE (D) 4.31FE (D) 4.32FE (B) 4.33FE (C) 
4.34FE (D) 4.35FE (D) 4.36FE (В) 4.37FE (D) 4.38FE (С) 4.39FE (С) 4.40FE (В) 4.41FE (C) 


The Second Law 
of Thermodynamics 


5.1 INTRODUCTION 


Water flows down a hill, heat flows from a hot body to a cold one, rubber bands unwind, fluid 
flows from a high-pressure region to a low-pressure region, and we all get old! Our experiences in life 
suggest that processes have a definite direction. The first law of thermodynamics relates the several 
variables involved in a physical process but does not give any information as to the direction of the 
process. It is the second law of thermodynamics which helps us establish the direction of a particular 
process. 

Consider, for example, the situation illustrated in Fig. 5-1. Here, the first law states that the work 
done by the falling weight is converted to internal energy of the air contained in the fixed volume, 
provided the volume is insulated so that Q=0. It would not be a violation of the first law if we 
postulated that an internal energy decrease of the air is used to turn the paddle and raise the weight. 
This, however, would be a violation of the second law of thermodynamics and would thus be an 
impossibility. 

In this chapter we will state the second law as it applies to a cycle. Several devices will be analyzed. 
This will be followed in Chapter 6 by a statement of the second law as it applies to a process. 


5.2 HEAT ENGINES, HEAT PUMPS, AND REFRIGERATORS 


We refer to a device operating on a cycle as a heat engine, a heat pump, or a refrigerator, depending 
on the objective of the particular device. If the objective of the device is to perform work it is a heat 
engine; if its objective is to supply energy to a body it is a heat pump; if its objective is to extract energy 
from a body it is a refrigerator. A schematic diagram of a simple heat engine is shown in Fig. 5-2. 

The net work produced by the engine would be equal to the net heat transfer, a consequence of the 
first law: 


W=0n- О! (5.1) 


where Он and О; are the heat transfers from the high- and low-temperature reservoirs, respectively. 


117 


118 THE SECOND LAW OF THERMODYNAMICS [CHAP. 5 


чо 


S 


55 
С 
N 
N 
N 
N 
N 
N 


Fig. 5-1 Paddle-wheel work. 


Fig. 5-2 A heat engine. Fig. 5-3 A heat pump or a refrigerator. 


If the cycle of Fig. 5-2 were reversed, a net work input would be required, as shown in Fig. 5-3. A 
heat pump would provide energy as heat Он to the warmer body (e.g., a house), and a refrigerator 
would extract energy as heat О; from the cooler body (e.g., a freezer). The work would also be given by 
(5.1). Here we use magnitudes only. 

Note that an engine or refrigerator operates between two thermal energy reservoirs, entities which 
are capable of providing or accepting heat without changing temperatures. The atmosphere or a lake 
serves as heat sinks; furnaces, solar collectors, or burners serve as heat sources. Temperatures Тр and Т, 
identify the respective temperatures of a source and a sink. 

The thermal efficiency of the heat engine and the coefficients of performance of the refrigerator and 
the heat pump are as defined in Sec. 4.9: 


W Qr C 
rcm P fri = —— P 
) CO refrig W О hp. = 


The second law of thermodynamics will place limits on the above measures of performance. The first 
law would allow a maximum of unity for the thermal efficiency and an infinite coefficient of performance. 
The second law, however, establishes limits that are surprisingly low, limits that cannot be exceeded 
regardless of the cleverness of proposed designs. 

One additional note concerning heat engines is appropriate. There are devices that we will refer to as 
heat engines which do not strictly meet our definition; they do not operate on a thermodynamic cycle but 
instead exhaust the working fluid and then intake new fluid. The internal combustion engine is an 
example. Thermal efficiency, as defined above, remains a quantity of interest for such devices. 


_ Он 


=н (5.2) 


n= 
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Device [—- W 


(b) 


Fig. 5-4 Violations of the second law. 


5.3 STATEMENTS OF THE SECOND LAW OF THERMODYNAMICS 


As with the other basic laws presented, we do not derive a basic law but merely observe that such a 
law is never violated. The second law of thermodynamics can be stated in a variety of ways. Here we 
present two: the Clausius statement and the Kelvin—Planck statement. Neither is presented in mathe- 
matical terms. We will, however, provide a property of the system, entropy, which can be used to 
determine whether the second law is being violated for any particular situation. The first statement of 
the second law is: 


Clausius Statement It is impossible to construct a device which operates on a cycle and whose sole effect is the 
transfer of heat from a cooler body to a hotter body. 


This statement relates to a refrigerator (or a heat pump). It states that it is impossible to construct a 
refrigerator that transfers energy from a cooler body to a hotter body without the input of work; this 
violation is shown in Fig. 5-4a. 

The second statement of the second law takes the following form: 


Kelvin-Planck Statement It is impossible to construct a device which operates on a cycle and produces no other 
effect than the production of work and the transfer of heat from a single body. 


In other words, it is impossible to construct a heat engine that extracts energy from a reservoir, does 
work, and does not transfer heat to a low-temperature reservoir. This rules out any heat engine that is 
100 percent efficient, like the one shown in Fig. 5-48. 

Note that the two statements of the second law are negative statements. Neither has ever been 
proved; they are expressions of experimental observations. No experimental evidence has ever been 
obtained that violates either statement of the second law. It should also be noted that the two statements 
are equivalent. This will be demonstrated with an example. 


EXAMPLE 5.1 Show that the Clausius and Kelvin-Planck statements of the second law are equivalent. 

Solution: We will show that a violation of the Clausius statement implies a violation of the Kelvin— 
Planck statement, and vice versa, demonstrating that the two statements are equivalent. Consider the system 
shown in Fig. 5-5a. The device on the left transfers heat and violates the Clausius statement, since it has no 
work input. Let the heat engine transfer the same amount of heat Q;. Then Q^, is greater than О, by the 
amount W. If we simply transfer the heat О; directly from the engine to the device, as shown in Fig. 5-5b, 
there is no need for the low-temperature reservoir and the net result is a conversion of energy (Он — Он) from 
the high-temperature reservoir into an equivalent amount of work, a violation of the Kelvin-Planck statement 
of the second law. 

Conversely (Problem 5.13), a violation of the Kelvin-Planck is equivalent to a violation of the Clausius 
statement. 
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5.4 REVERSIBILITY 


In our study of the first law we made use of the concept of equilibrium and we defined equilibrium, 
or quasi equilibrium, with reference to the system only. We must now introduce the concept of rever- 
sibility so that we can discuss the most efficient engine that can possibly be constructed, an engine that 
operates with reversible processes only. Such an engine is called a reversible engine. 

A reversible process is defined as a process which, having taken place, can be reversed and in so doing 
leaves no change in either the system or the surroundings. Observe that our definition of a reversible 
process refers to both the system and the surroundings. The process obviously has to be a quasiequili- 
brium process; additional requirements are: 


1. No friction is involved in the process. 
2. Heat transfer occurs due to an infinitesimal temperature difference only. 
3. Unrestrained expansion does not occur. 


The mixing of different substances and combustion also lead to irreversibilities. 

To illustrate that friction makes a process irreversible consider the system of block plus an inclined 
plane, shown in Fig. 5-6a. Weights are added until the block is raised to the position shown in part (b). 
Now, to return the system to its original state some weight must be removed so that the block will slide 
back down the plane, as shown in part (c). Note that the surroundings have experienced a significant 
change; the weights that were removed must be raised, which requires a work input. Also, the block and 
plane are at a higher temperature due to the friction, and heat must be transferred to the surroundings to 
return the system to its original state. This will also change the surroundings. Because there has been a 


Block 


(a) (b) (c) 


Fig. 5-6 Irreversibility due to friction. 
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Fig. 5-7 Unrestrained expansion. 


change in the surroundings as a result of the process and the reversed process, we conclude that the 
process was irreversible. A reversible process requires that no friction be present. 

To demonstrate the fact that heat transfer across a finite temperature difference makes a process 
irreversible, consider a system composed of two blocks, one at a higher temperature than the other. 
Bringing the blocks together results in a heat transfer process; the surroundings are not involved in this 
process. To return the system to its original state, we must refrigerate the block that had its temperature 
raised. This will require a work input, demanded by the second law, resulting in a change in the 
surroundings. Hence, the heat transfer across a finite temperature difference is an irreversible process. 

For an example of unrestrained expansion, consider the high-pressure gas contained in the cylinder of 
Fig. 5-7a. Pull the pin and let the piston suddenly move to the stops shown. Note that the only work done by 
the gas on the surroundings is to move the piston against atmospheric pressure. Now, to reverse this process 
it is necessary to exert a force on the piston. If the force is sufficiently large, we can move the piston to its 
original position, shown in part (d). This will demand a considerable amount of work, to be supplied by the 
surroundings. In addition, the temperature will increase substantially, and this heat must be transferred to 
the surroundings to return the temperature to its original value. The net result is a significant change in the 
surroundings, a consequence of irreversibility. Unrestrained expansion cannot occur in a reversible process. 


5.5 THE CARNOT ENGINE 


The heat engine that operates the most efficiently between a high-temperature reservoir and a low- 
temperature reservoir is the Carnot engine. It is an ideal engine that uses reversible processes to form its 
cycle of operation; thus it is also called a reversible engine. We will determine the efficiency of the Carnot 
engine and also evaluate its reverse operation. The Carnot engine is very useful, since its efficiency 
establishes the maximum possible efficiency of any real engine. If the efficiency of a real engine is 
significantly lower than the efficiency of a Carnot engine operating between the same limits, then addi- 
tional improvements may be possible. 

The cycle associated with the Carnot engine is shown in Fig. 5-8, using an ideal gas as the working 
substance. It is composed of the following four reversible processes: 


1—2: An isothermal expansion. Heat is transferred reversibly from the high-temperature reservoir 
at the constant temperature Тр. The piston in the cylinder is withdrawn and the volume 
increases. 


2 > 3: Ап adiabatic reversible expansion. The cylinder is completely insulated so that no heat 
transfer occurs during this reversible process. The piston continues to be withdrawn, 
with the volume increasing. 


3-4: An isothermal compression. Heat is transferred reversibly to the low-temperature reservoir 
at the constant temperature Т;. The piston compresses the working substance, with the 
volume decreasing. 
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4-1: An adiabatic reversible compression. The completely insulated cylinder allows no heat 
transfer during this reversible process. The piston continues to compress the working 
substance until the original volume, temperature, and pressure are reached, thereby com- 
pleting the cycle. 


Fig. 5-8 The Carnot cycle. 


Applying the first law to the cycle, we note that 
Он- Qr = Wre (5.3) 


where О; is assumed to be a positive value for the heat transfer to the low-temperature reservoir. This 
allows us to write the thermal efficiency [see (4.76)] for the Carnot cycle as 


_ Ок=0 , 0. 
Он Он 


The following examples will be used to prove two of the following three postulates: 


(5.4) 


Postulate 1 It is impossible to construct an engine, operating between two given temperature reservoirs, that is 
more efficient than the Carnot engine. 


Postulate 2 The efficiency of a Carnot engine is not dependent on the working substance used or any particular 
design feature of the engine. 


Postulate 3 All reversible engines, operating between two given temperature reservoirs, have the same efficiency as 
a Carnot engine operating between the same two temperature reservoirs. 


EXAMPLE 5.2 Show that the efficiency of a Carnot engine is the maximum possible efficiency. 

Solution: Assume that an engine exists, operating between two reservoirs, that has an efficiency greater 
than that of a Carnot engine; also, assume that a Carnot engine operates as a refrigerator between the same two 
reservoirs, as sketched in Fig. 5-9a. Let the heat transferred from the high-temperature reservoir to the engine be 
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equal to the heat rejected by the refrigerator; then the work produced by the engine will be greater than the work 
required by the refrigerator (that is, Q7. < Q,) since the efficiency of the engine is greater than that of a Carnot 
engine. Now, our system can be organized as shown in Fig. 5-9b. The engine drives the refrigerator using the 
rejected heat from the refrigerator. But, there is some net work (W’ — W) that leaves the system. The net result is 
the conversion of energy from a single reservoir into work, a violation of the second law. Thus, the Carnot 
engine is the most efficient engine operating between two particular reservoirs. 


Ty System 
y boundary V жік ақ c ele tct e eer E z 


N 


W'- Ор - Ог W=0,-O, W >W 
(a) (b) 


Fig. 5-9 


EXAMPLE 5.3 Show that the efficiency of a Carnot engine operating between two reservoirs is independent of 
the working substance used by the engine. 

Solution: Suppose that a Carnot engine drives a Carnot refrigerator as shown in Fig. 5-10a. Let the heat 
rejected by the engine be equal to the heat required by the refrigerator. Suppose the working fluid in the engine 
results in Он being greater than О; then W would be greater than W' (a consequence of the first law) and we 
would have the equivalent system shown in Fig. 5-10b. The net result is a transfer of heat (Ор — Он) from a 
single reservoir and the production of work, a clear violation of the second law. Thus, the efficiency of a Carnot 
engine is not dependent on the working substance. 


| System 
Z c me eee Бап E boundary 
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(a) (b) 


Fig. 5-10 
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5.6 CARNOT EFFICIENCY 


Since the efficiency of a Carnot engine is dependent only on the two reservoir temperatures, the 
objective of this article will be to determine that relationship. We will assume the working substance to 
be an ideal gas (see Example 5.3) and simply perform the required calculations for the four processes of 
Fig. 5-8. 

The heat transfer for each of the four processes is as follows: 


У, Р, 
1 — 2: он-т-- | PdV =mRTy ln EI 
V V, 


1 


2 3: 3=0 
7 = (5.5) 


V4 V, 
3 — 4: о.--та--/ PdV=—mRT, In — 
ГА ШЕ 


4 — 1: О41=0 


Note that we want О; to be a positive quantity, as in the thermal efficiency relationship; hence, the 
negative sign. The thermal efficiency is then [see (5.4)] 


T; 1 
n= 1 QL =1 | L in V4/ V3 (5.6) 
Он Ty In У›/У, 
During the reversible adiabatic processes 2 — 3 and 4 — 1, we know that [see (4.49)] 
т (ҮЗ — n (wy (57) 
Тн V3 Ty Va ` 
Thus, we see that 
о or аи (5.8) 
V, M у V 
Substituting into (5.6), we obtain the result 
T, 
— „5% 5.9 
n T, (5.9) 


We have simply replaced О; / Qj with T; /Tg. We can do this for all reversible engines or refrigerators. 
We see that the thermal efficiency of a Carnot engine is dependent only on the high and low absolute 
temperatures of the reservoirs. The fact that we used an ideal gas to perform the calculations is not 
important since we have shown that Carnot efficiency to be independent of the working substance. 
Consequently, the relationship (5.9) is applicable for all working substances, or for all Carnot engines, 
regardless of the particular design characteristics. 

The Carnot engine, when operated in reverse, becomes a heat pump or a refrigerator, depending on 
the desired heat transfer. The coefficient of performance for a heat pump becomes 


Qu Qu 1 
COP 4p = = = 5.10 
Be Wret Он ЕЕ 01 1— Т, /Тң ( 
The coefficient of performance for a refrigerator takes the form 
1 
СОР» = 9. Qı (5.11) 


Wt Он- Ог Taf T= 1 


The above measures of performance set limits that real devices can only approach. The reversible cycles 
assumed are obviously unrealistic, but the fact that we have limits which we know we cannot exceed is 
often very helpful in evaluating proposed designs and determining the direction for further effort. 
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Rather than listing the COP of refrigerators and air-conditioners, manufacturers often list the EER 
(the energy efficiency ratio). It has the same definition as the COP (i.e., Q/W) but the units on О are Btu's 
whereas the units on W are in watt-hours. So, it is the Btu's removed divided by the watt-hours of 
electricity consumed. Since there are 3.412 Btu's per watt-hour, we see that EER — 3.412 COP. 


EXAMPLE 5.4 А Carnot engine operates between two temperature reservoirs maintained at 200 ^C and 20°C, 
respectively. If the desired output of the engine is 15 kW, as shown in Fig. 5-11, determine the heat transfer from 
the high-temperature reservoir and the heat transfer to the low-temperature reservoir. 


Ty = 200°C 


Engine 


T, = 20°C 


Fig. 5-11 


Solution: The efficiency of a Carnot engine is given by 


This gives, converting the temperatures to absolute temperatures, 
W 15 


sme кор“ 


On 
Using the first law, we have 


Ог = Oy — Ж = 39.42 — 15 = 2442 kW 


EXAMPLE 5.5 A refrigeration unit is cooling a space to —5°C by rejecting energy to the atmosphere at 20°C. 
It is desired to reduce the temperature in the refrigerated space to — 25°C. Calculate the minimum percentage 
increase in work required, by assuming a Carnot refrigerator, for the same amount of energy removed. 
Solution: For a Carnot refrigerator we know that 
1 
Сор Е ce e 
We d 

For the first situation we have W; = Qz (Т/Т, —1) = Q,(293/268 — 1) =0.0933Q,. For the second situation 
there results №, = О; (293/248 — 1) = 0.181 Q;. The percentage increase in work is then 


W,—W; (0.1810, — 0.09330, 
WE 0.09330, 


) (100) = 94.0% 


Note the large increase in energy required to reduce the temperature in a refrigerated space. And this is a 
minimum percentage increase, since we have assumed an ideal refrigerator. 
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EXAMPLE 5.6 А Carnot engine operates with air, using the cycle shown in Fig. 5-12. Determine the thermal 
efficiency and the work output for each cycle of operation. 


10 m°/kg 
Fig. 5-12 
Solution: The thermal efficiency is found to be 
Т, 300 
== || =i = 0.4 40° 
n Tr 500 0 or 40% 


To find the work output we can determine the heat added during the constant temperature expansion and 
determine w from 7=W/Q,=w/qy. We find дн from the first law using Au = 0: 


E ЖЕ [remm | 3- RT, In = 
To find v» first we must бра у: 
v= “= = ——À = 1.076 т? /Ке 
Using (4.49), we have 
vo =v] (2) DES --(1.076)(300/500)/44-) = 0.300 m? /kg 


Likewise, v3 = v4(74/T;) / ^^? = (10)(300/500)2° = 2.789 m? /kg. Hence, 


9 
ан = (287)(500) 1 = 320.0 kJ/kg 


1 0.300 
Finally, the work for each cycle is ш = nq y = (0.4)(320.0) = 128 kJ/kg. 


Solved Problems 


5.1] A refrigerator is rated at a COP of 4. The refrigerated space that it cools requires a peak cooling 
rate of 30 000 kJ/h. What size electrical motor (rated in horsepower) is required for the refrigerator? 


The definition of the COP for a refrigerator is COP, = О L/ Was. The net power required is then 


Gis ÒL _ 30000/3600 
net” COP, 4 


—2.083kW or 2.793 hp 


5.2 А Carnot heat engine produces 10 hp by transferring energy between two reservoirs at 40°F and 
212°F. Calculate the rate of heat transfer from the high-temperature reservoir. 
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5.3 


5.4 


5.5 


The engine efficiency is 


Т, 500 
IL =1— Ll =0.256 
Та agg AAD 


The efficiency is also given by n= W/Qy. Thus, 


, W _ (10 hp)(2545 Btu/hr/hp) _ 
Он= ^ ELT — 99,410 Btu/hr 


An inventor proposes an engine that operates between the 27^C warm surface layer of the ocean 
and a 10^C layer a few meters down. The inventor claims that the engine produces 100 kW by 
pumping 20 kg/s of seawater. Is this possible? Assume (С,) ~ 4.18 kJ/kg-K. 


seawater 


The maximum temperature drop for the seawater is 17°C. The maximum rate of heat transfer from the 
high-temperature water is then 


Oy =mC,AT = (20)(4.18)(17) = 1421 kW 


The efficiency of the proposed engine is then n= W/Qy = 100/1421 = 0.0704 or 7.04%. The efficiency of a 
Carnot engine operating between the same two temperatures is 
Т, 283 
Ц-і1----і1------0.0567 5.67% 
7) Ти 300 ог 0 


The proposed engine’s efficiency exceeds that of a Carnot engine; hence, the inventor’s claim is impossible. 


A power utility company desires to use the hot groundwater from a hot spring to power a heat 
engine. If the groundwater is at 95°C, estimate the maximum power output if a mass flux of 
0.2 kg/s is possible. The atmosphere is at 20°C. 


The maximum possible efficiency is 


f 293 
ae aS “дуруз 
4 Тн am 702 


assuming the water is rejected at atmospheric temperature. The rate of heat transfer from the energy source is 
Он- m C,AT = (0.2)(4.18)(95 — 20) = 62.7 kW 
The maximum power output is then 


W — nÒ y = (0.2038)(62.7) = 12.8 kW 


Two Carnot engines operate in series between two reservoirs maintained at 600^F and 100°F, 
respectively. The energy rejected by the first engine is input into the second engine. If the first 
engine's efficiency is 20 percent greater than the second engine's efficiency, calculate the inter- 
mediate temperature. 


The efficiencies of the two engines are 


n=l -i 560 
А 1060 i: T 
where T is the unknown intermediate temperature in ^R. It is given that т = m + 0.2m. Substituting for 7, and m 
results in 
T 560 
1I-—— =1.2( 1- — 
1060 ( T ) 
or 


T? -212T — 712,320 =0 2.Т--744.698 ог 284.6°F 
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A Carnot engine operating on air accepts 50 kJ/kg of heat and rejects 20 kJ/kg. Calculate the high 
and low reservoir temperatures if the maximum specific volume is 10 m?/kg and the pressure after 
the isothermal expansion is 200 kPa. 


The thermal efficiency is 


n 


qH 50 
Hence, T; /Tj = 0.4. For the adiabatic processes we know that (see Fig. 5-8) 
ae (Sy. 2520.25 = 01012 
Тн 5 5 


Тһе maximum specific volume is v3; thus, v= 0.101220; = (0.1012)(10) = 1.012 m?/kg. Now, the high 
temperature is 

Pav) (200)(1.012) 
R 0.287 


Ty = 705.2 К or 432.2°C. 


The low temperature is then Т; = 0.4Т = (0.4)(705.2) =282.1K or 9.1?C. 


A heat engine operates on a Carnot cycle with an efficiency of 75 percent. What COP would a 
refrigerator operating on the same cycle have? The low temperature is 0 °С. 


The efficiency of the heat engine is given by = 1 — T; /Тн. Hence, 
Т, 273 


= ee ы 


Тн 


The COP for the refrigerator is then 
Т, 273 


SOINS TaT, 40902271 


= 0.3333 


Two Carnot refrigerators operate in series between two reservoirs maintained at 20°C and 
200°C, respectively. The energy output by the first refrigerator is used as the heat energy input 
to the second refrigerator. If the COPs of the two refrigerators are the same, what should the 
intermediate temperature be? 


The COP for a refrigerator is given by COP, = Т; /(Ty — Т). Requiring that the two COPs be equal 
gives 
293 T 


- Dore = _ 5 
7293 353-T or T^ = 138 589 Or Т = 372.3 К = 99.3°C 


A heat pump is proposed in which 50°F groundwater is used to heat a house to 70°F. The 
groundwater is to experience a temperature drop of 12°F, and the house requires 75,000 Btu/hr. 
Calculate the minimum mass flux of the groundwater and the minimum horsepower required. 


The COP for the heat pump is 


Ty 530 
OPyp = = = 26.5 
ЗЭР Ty = Т, 530-510 
This is also given by 
COPyp = On d ee ТЕ, О, = 72,170 Btu/hr 
Qu — О: 75,000 — О, 
The groundwater mass flux is then 
О, = C, AT 72,170 = (т)(1.00)(12) т = 6014 Ibm/hr 


The minimum horsepower required is found as follows: 


COPup = W 26.5 — — W = 2830 Btu/hr or 1.11 hp 
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Supplementary Problems 


A heat pump provides 75 MJ/h to a house. If the compressors require an electrical energy input of 4 kW, 
calculate the COP. 


A power plant burns 1000 kg of coal each hour and produces 500 kW of power. Calculate the overall 
thermal efficiency if each kg of coal produces 6 MJ of energy. 


An automobile that has a gas mileage of 13 km/L is traveling at 100 km/h. At this speed essentially all the 
power produced by the engine is used to overcome air drag. If the air drag force is given by 12017 AC, 
determine the thermal efficiency of the engine at this speed using projected area А = 22, drag coefficient 
Cp =0.28, and heating value of gasoline 9000 kJ/kg. Gasoline has a density of 740 kg/m’. 


Show that a violation of the Kelvin-Planck statement of the second law implies a violation of the Clausius 
statement. 


A battery does work by producing an electric current while transferring heat with a constant-temperature 
atmosphere. Is this a violation of the second law? Explain. 


Show that all reversible engines, operating between two given temperature reservoirs, have the same 
efficiency as a Carnot engine operating between the same two temperature reservoirs. 


A Carnot cycle operates between 200°C and 1200°C. Calculate (a) its thermal efficiency if it operates as a 
power cycle, (b) its COP if it operates as a refrigerator, and (c) its COP if it operates as a heat pump. 


A Carnot engine rejects 80 MJ of energy every hour by transferring heat to a reservoir at 10°C. Determine the 
temperature of the high-temperature reservoir and the power produced if the rate of energy addition is 40 kW. 


A proposed power cycle is designed to operate between temperature reservoirs, as shown in Fig. 5-13. It is 
supposed to produce 43 hp from the 2500 kJ of energy extracted each minute. Is the proposal feasible? 


Ty = 900 °C 


Proposed 
engine 


T, = 20°C 


Fig. 5-13 


(a) What is the maximum efficiency that can result from an engine that operates on the thermal gradients in 
the ocean? The surface waters at the proposed location are at 85°F and those at a reasonable depth are at 
50°F. (b) What would be the maximum COP of a heat pump, operating between the two layers, used to heat 
an off-shore oil rig? 


A Carnot engine operates between reservoirs at temperatures Тү and 7, and a second Carnot engine 
operates between reservoirs maintained at Т, and 7;. Express the efficiency m of the third engine operating 
between T, and T; in terms of the efficiencies 7, and rp» of the other two engines. 
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Two Carnot engines operate in series between two reservoirs maintained at 500°C and 40°C, respectively. 
The energy rejected by the first engine is utilized as energy input to the second engine. Determine the 
temperature of this intermediate reservoir between the two engines if the efficiencies of both engines are 
the same. 


A Carnot engine operates on air with the cycle shown in Fig. 5-14. If there are 30 kJ/kg of heat added from 
the high-temperature reservoir maintained at 200°C determine the work produced. 


P (kPa) 


200 


v (mr /kg) 


Fig. 5-14 


A Carnot engine operates between a low pressure of 15 psia and a high pressure of 400 psia. The corre- 
sponding volumes are 250 and 25 in?. If there is 0.01 Ibm of air, calculate the work output. 


A Carnot engine using hydrogen gas operates with the high-temperature reservoir maintained at 600 K. The 
pressure ratio for the adiabatic compression is 15 to 1 and the volume during the heat-addition process is 
tripled. If the minimum pressure is 100 kPa, determine the thermal efficiency and work produced. 


A heat pump is to maintain a house at 20°C when the outside air is at —25°C. It is determined that 1800 kJ 
is required each minute to accomplish this. Calculate the minimum horsepower required. 


If the heat pump of Prob. 5.25 is to be used as an air conditioner, calculate the maximum outside tempera- 
ture for which the inside temperature can be maintained at 23°C. Assume a linear relationship between 
temperature difference and heat flux, using the information from Prob. 5.25. 


A heat pump uses a 5-hp compressor while extracting 500 Btu of energy from groundwater each minute. 
What is the COP (a) if the purpose is to cool the groundwater and (b) if the purpose is to heat a building? 


A Carnot refrigeration cycle is used to estimate the energy requirement in an attempt to reduce the tem- 
perature of a specimen to absolute zero. Suppose that we wish to remove 0.01 J of energy from the specimen 
when it is at 2 x 107% К. How much work is necessary if the high-temperature reservoir is at 20°C? 


A refrigerator is proposed that will require 10 hp to extract 3 MJ of energy each minute from a space which is 
maintained at —18°C. The outside air is at 20°C. Is this possible? 


A reversible refrigeration unit is used to cool a space to 5°C by transferring heat to the surroundings which 


are at 25°C. The same unit is then used to cool the space to —20°C. Estimate the cooling rate for the second 
condition if the cooling rate for the first is 5 tons. 


Review Questions for the FE Examination 


5.1FE Select an acceptable paraphrase of the Kelvin-Planck statement of the second law. 


(A) No process can produce more work than the heat it accepts. 
(B) No engine can produce more work than the heat it intakes. 
(C) An engine cannot produce work without accepting heat. 

(D) An engine has to reject heat. 
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5.2FE Which of the following can be assumed to be reversible? 
(A) A paddle wheel. 
(B) A burst membrane. 
(C) A resistance heater. 
(D) A piston compressing gas in a race engine. 
5.3FE An inventor claims that a thermal engine, operating between ocean layers at 27°C and 10°C, produces 
10 kW of power while discharging 9900 kJ/min. This engine is: 
(A) impossible 
(B) reversible 
(C) possible 
(D) probable 
5.4FE A Carnot engine, operating between reservoirs at 20°C and 200°C, produces 10 kW of power. The rejected 
heat is nearest: 
(A) 26.3 kJ/s 
(B) 20.2 kJ/s 
(C) 16.3 kJ/s 
(D) 12.0 kJ/s 
5.5FE А Carnot cycle is a cycle of special interest because: 
(A) It establishes a lower limit on cycle efficiency. 
(B) It operates between two constant-temperature thermal reservoirs. 
(C) It provides the maximum efficiency for any cycle. 
(D) When it is carefully constructed in a laboratory, it provides an upper limit on cycle efficiency. 
5.6FE Select an incorrect statement relating to a Carnot cycle. 
(A) There are two adiabatic processes. 
(B) There are two constant-pressure processes. 
(C) Work occurs for all four processes. 
(D) Each process is a reversible process. 
5.7FE A Carnot refrigerator requires 10 kW to remove 20 kJ/s from a 20°C reservoir. The temperature of the 
high-temperature reservoir is nearest: 
(A) 440 К 
(В) 400 К 
(C) 360 К 
(D) 320 К 
5.8FE А heat pump is to provide 2000 kJ/hr to a house maintained at 20°C. If it is —20°C outside, what is the 
minimum power requirement? 
(A) 385 kJ/hr 
(B) 316 kJ/hr 
(С) 273 kJ/hr 
(D) 184 kJ/hr 
5.9FE Ап engine operates on 100°C geothermal water. It exhausts to a 20°C stream. Its maximum efficiency is: 
(A) 21% 
(B) 3296 
(C) 58% 
(D) 80% 
Answers to Supplementary Problems 
5.10 5.21 
5.11 30% 


5.12 51.9% 
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5.14 
5.16 
5.17 
5.18 
5.19 
5.20 
5.21 
5.22 
5.23 
5.24 
5.25 
5.26 
5.27 
5.28 
5.29 
5.30 


THE SECOND LAW OF THERMODYNAMICS 


No. This is not a cycle. 
(a) 67.9% (Б) 0.473 (с) 1.473 
236.4°C, 17.78 kW 
No 

(a) 6.42% (Б) 15.57 
т +m — mm 

218.9°С 

16.74 kJ/kg 

178 ft-Ibf 

54.4%, 1480 КЈ 

6.18 hp 

71.7°C 

(a) 2.36 (5) 3.36 

1465 kJ 

Yes 

7.11 kW 
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5.1FE (О) 5.2FE(D) 5.3ЕЕ (А) 5.4FE(C) 5.5FE(C) 5.6FE (B) 5.7ЕЕ (А) 5.8FE (C) 5.9ЕЕ (A) 


CHAPTER 6 


Entropy 


6.1 INTRODUCTION 


To allow us to apply the second law of thermodynamics to a process we will identify a property 
called entropy. This will parallel our discussion of the first law; first we stated the first law for a cycle and 
then derived a relationship for a process. 


6.2 DEFINITION 


Consider the reversible Carnot engine operating on a cycle consisting of the processes described in 
бес. 5.5. The quantity ¢6Q/T is the cyclic integral of the heat transfer divided by the absolute tem- 
perature at which the heat transfer occurs. Since the temperature Ty is constant during the heat transfer 
Он, and Т, is constant during heat transfer Q,, the integral is given by 


{= QL 
T Тн Т; 


(6.1) 


where the heat Q; leaving the Carnot engine is considered to be positive. Using (5.4) and (5.9) we see 
that, for the Carnot cycle, 


Qu T. Qu _ Qr 


= or = 6.2 
Он Ty Тн Т, (62) 
Substituting this into (6./), we find the interesting result 
50 
j T^ 0 (6.3) 


Thus, the quantity 6Q/T is a perfect differential, since its cyclic integral is zero. We let this perfect 
differential be denoted by dS, where S represents a scalar function that depends only on the state of the 
system. This, in fact, was our definition of a property of a system. We shall call this extensive property 
entropy; its differential is given by 


_ $0 
TU 


dS (6.4) 
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Fig. 6-1 The Carnot cycle. 


where the subscript “rev” emphasizes the reversibility of the process. This can be integrated for a process 


to give 
2 60 
AS= | = 
5 f E 


From the above equation we see that the entropy change for a reversible process can be either positive or 
negative depending on whether energy is added to or extracted from the system during the heat transfer 
process. For a reversible adiabatic process the entropy change is zero. 

We often sketch a temperature-entropy diagram for cycles or processes of interest. The Carnot cycle 
provides a simple display when plotting temperature vs. entropy. It is shown in Fig. 6-1. The change in 
entropy for the first process from state 1 to state 2 is 


_ [éQ0 о, 
&-s-][R--« (6.6) 


(6.5) 


rev 


The entropy change for the reversible adiabatic process from state 2 to state 3 is zero. For the process 
from state 3 to state 4 the entropy change is numerically equal to that of the first process; the process 
from state 4 to state 1 is also a reversible adiabatic process and is accompanied with a zero entropy 
change. 

The heat transfer during a reversible process can be expressed in differential form [see (6.4)] as 


Q =T ds (6.7) 


Hence, the area under the curve in the T-S diagram represents the heat transfer during any reversible 
process. The rectangular area in Fig. 6-1 thus represents the net heat transfer during the Carnot cycle. 
Since the heat transfer is equal to the work done for a cycle, the area also represents the net work 
accomplished by the system during the cycle. Here, Ош = Wnet = ATAS. 

The first law of thermodynamics, for a reversible infinitesimal change, becomes, using (6.7), 


T dS — P dV = dU (6.8) 


This is an important relationship in our study of simple systems. We arrived at it assuming a reversible 
process. However, since it involves only properties of the system, it holds for an irreversible process also. 
If we have an irreversible process, in general, 6W 5 P dV and 6Q Z T dS but (6.8) still holds as a 
relationship between the properties. Dividing by the mass, we have 


T ds — P dv = du (6.9) 


where the specific entropy is defined to be 


S 
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To relate the entropy change to the enthalpy change we differentiate (4./2) and obtain 
dh = du + P dv + v dP (6.11) 
Substituting into (6.9) for du, we have 
T ds = dh — v dP (6.12) 


Equations (6.9) and (6.12) will be used in subsequent sections of our study of thermodynamics for 
various reversible and irreversible processes. 


6.3 ENTROPY FOR AN IDEAL GAS WITH CONSTANT SPECIFIC HEATS 


Assuming an ideal gas, (6.9) becomes 


йз = с + T cO Fe, (6.13) 
where we have used 
du = C, dT Рр = RT (6.14) 
(6.13) 1s integrated, assuming constant specific heat, to yield 
араба Т + Rin - (6.15) 


Similarly, (6.12) is rearranged and integrated to give 


T: P. 
$-5-0C,ln7 R In 2 


6.16 
1 Р, (949) 


Note again that the above equations were developed assuming a reversible process; however, they relate 
the change in entropy to other thermodynamic properties at the two end states. Since the change of a 
property is independent of the process used in going from one state to another, the above relationships 
hold for any process, reversible or irreversible, providing the working substance can be approximated by 
an ideal gas with constant specific heats. 

If the entropy change is zero, 1.е., an isentropic process, (6.15) and (6.16) can be used to obtain 


E kl ae (k-1)/k T 
Ti V2 Т, Р, | 


These two equations are combined to give 
k 
Р, vi 
-5-|- 6.18 
Р, (a) ee) 
These are, of course, identical to the equations obtained in Chap. 4 when an ideal gas undergoes a 
quasiequilibrium adiabatic process. 


EXAMPLE 6.1 Airis contained in an insulated, rigid volume at 20°С and 200 kPa. A paddle wheel, inserted in 
the volume, does 720 kJ of work on the air. If the volume is 2 та”, calculate the entropy increase assuming 
constant specific heats. 
Solution: To determine the final state of the process we use the energy equation, assuming zero heat 
transfer. We have — W = AU = mC,AT. The mass т is found from the ideal-gas equation to be 
PV (200)(2) 


m= WT = (0.287)(293) 74276 
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The first law, taking the paddle-wheel work as negative, is then 
720 = (4.76)(0.717)(7, — 293) 2. ТУ = 504.0 K 


Using (6.15) for this constant-volume process there results 


Т. 4 
AS = тС, In $ — (4.76)(0.717) In Rs 


| 593 = 1851 KJ/K 


EXAMPLE 6.2 After a combustion process in a cylinder the pressure is 1200 kPa and the temperature is 
350°C. The gases are expanded to 140 kPa with a reversible adiabatic process. Calculate the work done by the 
gases, assuming they can be approximated by air with constant specific heats. 

Solution: The first law can be used, with zero heat transfer, to give —w = Ли = С,(Т» — Tj). The 
temperature 7» is found from (6.17) to be 


(k—1)/k (1.4-1)/1.4 
Р. 140 
Т = Т (2) = (623) (та) zx I 


This allows the specific work to be calculated: ш = С,(Т — №) = (0.717)(623 — 337) = 205 kJ/kg. 


6.4 ENTROPY FOR AN IDEAL GAS WITH VARIABLE SPECIFIC HEATS 


If the specific heats for an ideal gas cannot be assumed constant over a particular temperature range 
we return to (6.12) and write 


dh тар С, R 
= Par dP (6.19) 
Т Т Т Р 


The gas constant R can be removed from the integral, but C, = C, (T) cannot. Hence, we integrate (6.19) 
and obtain 


ds = 


nce P. 
»-2-] at — R In — (6.20) 
n T Р, 


The integral in the above equation depends only on temperature, and we can evaluate its magnitude 
from the gas tables. It is found, using the tabulated function s°, to be 


Ty C 
59 — 5] = | ғат (6.21) 
ge 
Thus, the entropy change is (in some textbooks ¢ is used rather than s?) 
270 o Р, 
$5 — S1 = Sp — S] —R In y (6.22) 


1 


This more exact expression for the entropy change is used only when improved accuracy is desired. 
For an isentropic process we cannot use (6./7) and (6.18) if the specific heats are not constant. 
However, we can use (6.22) and obtain, for an isentropic process, 


P о с о о R T. 
P = exp (2 zi | exp(s3/R)  f(T;) (6.23) 


X exp(s?/R) Т) 
Thus, we define a relative pressure P,, which depends only on the temperature, as 


Pow (6.24) 
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It is included as an entry in the gas table E-1. The pressure ratio for an isentropic process is then 


Р, _ РЬ 


Э 20 6.25 
Р, Py ч. 
The volume ratio can be found using the ideal-gas equation of state. It is 
Р, Т. 
йы ке (6.26) 
v РТ 


where we would assume an isentropic process when using the relative pressure ratio. Consequently, we 
define a relative specific volume v,, dependent solely on the temperature, as 


T 
v, = const. x P (6.27) 


r 


Using its value from the gas tables we find the specific volume ratio for an isentropic process; it is 


12 92 

< = = 6.28 

Ui Url ( 
With the entries from the gas tables we can perform the calculations required in working problems 
involving an ideal gas with variable specific heats. 


EXAMPLE 6.3 Repeat Example 6.1 assuming variable specific heats. 
Solution: Using the gas tables, we write the first law as — W = AU = m(u> — u,). The mass is found from 
the ideal-gas equation to be 
PV (200) (2) 


m= WT = (0287093) 74276 


The first law is then written as 
Ww — 720 
u = — — + u; = — —— + 209.1 = 360.4 kJ/kg 
m 4.76 
where u; is found at 293 К in the gas tables by interpolation. Now, using this value for u2, we can interpolate to 
find 
Т; = 501.2 K 55 = 2222 


The value for sj is interpolated to be s? = 1.678. The pressure at state 2 is found using the ideal-gas equation for 
our constant-volume process: 

P, Р! Т, 501.2 

ж-ш Р = Р 2 = (2 —— | = 342.1 КР 

TEE = 00)( ЖӨ i 
Finally, the entropy change is 
342.1 
200 


AS=m (s — si — Rin z) = 4.76 (2.222 — 1.678 — 0.287 In 


) = 1.856 kJ/K 
1 


The approximate result of Example 6.1 is seen to be less than 0.3% in error because 7» is not very large. 


EXAMPLE 6.4 After a combustion process in a cylinder the pressure is 1200 kPa and the temperature is 
350°C. The gases are expanded to 140 kPa in a reversible, adiabatic process. Calculate the work done by the 
gases, assuming they can be approximated by air with variable specific heats. 
Solution: First, at 623K the relative pressure P, is interpolated to be Р, = (3)(20.64 — 18.36) + 
18.36 — 18.70. For an isentropic process, 
140 


P. 
Po = P4 = = (18.70) (=) = 2.182 
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With this value for the relative pressure at state 2, 


2.182 — 2.149 
T= ко) (20) + 340 = 341 К 


The work is found from the first law to be 
МШ = ИІ - из 


2.182 — 2.149 
2.626 — 2.149 


: 465.5 — 450.1) + 450.1 ( 


= 70 | ) о5т2 242.8) + 242.8| = 208.6 kJ/kg 


The approximate result of Example 6.2 is observed to have an error less than 1.5%. 


6.5 ENTROPY FOR SUBSTANCES SUCH AS STEAM, SOLIDS, AND LIQUIDS 


The entropy change has been found for an ideal gas with constant specific heats and for an ideal gas 
with variable specific heats. For pure substances, such as steam, entropy is included as an entry in the 
tables. In the quality region, it is found using the relation 


S= Sf + XS fe (6.29) 


Note that the entropy of saturated liquid water at 0°C is arbitrarily set equal to zero. It is only the change 
in entropy that is of interest; hence, this arbitrary datum for entropy is of no consequence. In the super- 
heated region it is tabulated as a function of temperature and pressure along with the other properties. 

For a compressed liquid it is included as an entry in Table C-4, the compressed liquid table, or it can 
be approximated by the saturated liquid values sp at the given temperature. From the compressed liquid 
table at 10 MPa and 100°C, s = 1.30 kJ/kg-K, and from the saturated steam table at 100°C, s = 1.31 kJ/ 
kg-K; this is an insignificant difference. 

The temperature-entropy diagram is of particular interest and is often sketched during the problem 
solution. A 7-5 diagram is sketched in Fig. 6-2a; for steam it is essentially symmetric about the critical 
point. Note that the high-pressure lines in the compressed liquid region are indistinguishable from the 
saturated liquid line. It is often helpful to visualize a process on a 7-5 diagram, since such a diagram 
illustrates assumptions regarding irreversibilites. 


P = const. 


T 0 = const. 


pressure 


High 


Р = const. 


Critical 
point 


X = const. 


v — const. 


(a) (b) 


Fig. 6-2 The 7-s and h-s diagrams for steam. 
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In addition to a T-s diagram, an h-s diagram, which is also called a Mollier diagram, is often useful 
in solving particular types of problems. The general shape of an h-s diagram is sketched in Fig. 6-25. 

For a solid or a liquid, the entropy change can be found quite easily if we can assume the specific 
heat to be constant. Returning to (6.9), we can write, assuming the solid or liquid to be incompressible so 
that dv = 0, 


T ds = du = Сат (6.30) 


where we have dropped the subscript on the specific heat since for solids and liquids C, = C,. Tables 
usually list values for С„; these are assumed to be equal to С. Assuming a constant specific heat, we find 
that 


dT Т, 


If the specific heat is a known function of temperature, the integration сап be performed. Specific heats 
for solids and liquids are listed in Table B-4. 


EXAMPLE 6.5 Steam is contained in a rigid container at an initial pressure of 100 psia and 600°F. The 
pressure is reduced to 10 psia by removing energy via heat transfer. Calculate the entropy change and the heat 
transfer and sketch a T-s diagram. 

Solution: From the steam tables, v, = v; = 6.216 ft) ЛЬ. State 2 is in the quality region. Using the above 
value for vy, the quality is found as follows: 


6.216 = 0.0166 + x(38.42 — 0.0166) x = 0.1614 


The entropy at state 2 is s2 = 0.2836 + (0.1614)(1.5041) = 0.5264 Btu/lbm-°R; the entropy change is then 


As = $5 — sı = 0.5264 — 1.7582 = — 1.232 Btu/lbm-°R 


The heat transfer is found from the first law using w = 0: 


а= Uy — ш = [161.2 + (0.1614)(911.01)] — 1214.2 = — 906 Btu/Ibm 


The process is displayed in the 7-s diagram shown in Fig. 6-3. 


P, = 100 psia 


Р» = 10 psia 


0 = const. 


193.2°Е 


0.5264 1.7582 Btu / Ibm ^R 


Fig. 6-3 
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Он 


(01) rev (01) irr 


Fig. 6-4 А reversible and an irreversible engine operating between two reservoirs. 


6.6 THE INEQUALITY OF CLAUSIUS 


The Carnot cycle is a reversible cycle and produces work which we will refer to as W,.,. Consider ап 
irreversible cycle operating between the same two reservoirs, shown in Fig. 6-4. Obviously, since the 
Carnot cycle possesses the maximum possible efficiency, the efficiency of the irreversible cycle must be 
less than that of the Carnot cycle. In other words, for the same amount of heat addition Он, we must have 


Wi, < Wie, (6.32) 


From the first law applied to a cycle (W = Ор — Qz) we see that, assuming that (Он), and (Он), are 
the same, 


(Ол) еу < (Oz) ine (6.33) 


j (2) E 0 (6.34) 


since the above integral for a reversible cycle is zero. 

If we were considering an irreversible refrigerator rather than an engine, we would require more 
work for the same amount of refrigeration Qz. By applying the first law to refrigerators, we would arrive 
at the same inequality as in (6.34). Hence, for all cycles, reversible or irreversible, we can write 


50 
j T <0 (6.35) 


This requires, referring to (6.7) and (6.3), 


This is known as the inequality of Clausius. It is a consequence of the second law of thermodynamics. 


EXAMPLE 6.6 It is proposed to operate a simple steam power plant as shown in Fig. 6-5. The water is 
completely vaporized in the boiler so that the heat transfer Q takes place at constant temperature. Does this 
proposal comply with the inequality of Clausius? Assume no heat transfer occurs from the pump or the turbine. 


© Saturated 
1000 kPa 
Saturated 


water 
1000 kPa 


Condenser 


Fig. 6-5 
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Solution: The quantity that we seek is $6Q/T. Since the proposed heat transfer occurs at constant 
temperature, this takes the form 


{ =-@-@ 
T o US Te 


From the steam tables we can find the following for each kilogram of water (m — 1 kg): 


Т» = 179.9°С Те = 60.1°С в = m(h, — hy) = 2778 — 763 = 2015 kJ 
Qc = m(h4 = hi) = [251 + (0.88)(2358)] — [251 + (0.18)(2358)] = 1651 kJ 


Thus, we have 


0.507 kJ/K 


(9 202015 G 
Т Б © ЖЛ 


This is negative, as it must be if the proposed power plant is to satisfy the inequality of Clausius. 


6.7 ENTROPY CHANGE FOR AN IRREVERSIBLE PROCESS 


Consider a cycle to be composed of two reversible processes, shown in Fig. 6-6. Suppose that we can 
also return from state 2 to state 1 along the irreversible process marked by path С. For the reversible 


cycle we have 
2 60 1 60 
ri T + І uem 0 (6.36) 


along A along B 


For the cycle involving the irreversible process, the Clausius inequality demands that 


2 60 180 
mE E 37 
Jj T + / Т <0 (6.37) 
along A along C 
Subtracting (6.36) from (6.37), 
260 260 
f T [| T (6.38) 
along B along C 


Fig. 6-6 A cycle with an irreversible process. 
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But, along the reversible path B, 6Q/T = dS. Thus, for any path representing any process, 


6Q 50 
А$ > / 4 or ds (6.39) 
The equality holds for a reversible process and the inequality for an irreversible process. 

Relationship (6.39) leads to an important conclusion in thermodynamics. Consider an infinitesimal 
heat transfer 6Q to a system at absolute temperature T. If the process is reversible, the differential change 
in entropy is 6Q/T; if the process is irreversible, the change in entropy is greater than 6Q/T. We thus 
conclude that the effect of irreversibility (e.g., friction) is to increase the entropy of a system. 

Finally, in our application of the second law to a process, (6.39) can summarize our results. If we 
wish to investigate whether a proposed process satisfies the second law, we simply check using (6.39). We 
see that entropy and the second law are synonymous in the same way that energy and the first law are 
synonymous. 

Finally, consider an isolated system, a system which exchanges no work or heat with its surroundings. 
For such a system the first law demands that U, = U; for any process. Equation (6.39) takes the form 


AS > 0 (6.40) 


demanding that the entropy of an isolated system either remains constant or increases, depending on 
whether the process is reversible or irreversible. Hence, for any real process the entropy of an isolated 
system increases. 

We can generalize the above by considering a larger system to include both the system under 
consideration and its surroundings, often referred to as the universe. For the universe we can write 


A Suniv = A Ssys + Dice > 0 (6.41) 


where the equality applies to a (ideal) reversible process and the inequality to a (real) irreversible process. 
Relation (6.41), the principle of entropy increase, is often used as the mathematical statement of the second 
law. In (6.47) ASyniy is also referred to as A Sgen, the entropy generated, or A Ss, the net increase in entropy. 


EXAMPLE 6.7 Air is contained in one half of the insulated tank shown in Fig. 6-7. The other side is 
completely evacuated. The membrane is punctured and the air quickly fills the entire volume. Calculate the 
specific entropy change of this isolated system. 


1222222222122 


Air 


4 
G 
f 
| 
f 
| 


Z 


Fig. 6-7 


Solution: The entire tank is chosen as the system boundary. No heat transfer occurs across the boundary 
and no work is done by the air. The first law then takes the form AU = mC,(T; — Т) = 0. Hence, the final 
temperature is equal to the initial temperature. Using (6.15) for the entropy change, we have, with Т) = T5, 


ЕСЕ 7 
As=R In = ота In 2 = 0.04749 Btu/Ibm-°R 


Note that this satisfies (6.39) since for this example О = 0, so that [6Q/T = 0 < mAs. 


EXAMPLE 6.8 Two kg of superheated steam at 400°C and 600 kPa is cooled at constant pressure by 
transferring heat from a cylinder until the steam is completely condensed. The surroundings are at 25°C. 
Determine the net entropy change of the universe due to this process. 
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Solution: The entropy of the steam which defines our system decreases since heat is transferred from the 
system to the surroundings. From the steam tables this change is found to be 


AS, = m(s; — s1) = (2)(1.9316 — 7.7086) = — 11.55 kJ/K 


The heat transfer to the surroundings occurs at constant temperature. Hence, the entropy change of the 


surroundings is 
ANS ina = ТЕ == g 
T T 


The heat transfer for the constant-pressure process is 
О = mAh = 2(3270.2 — 670.6) = 5199 kJ 
giving AS,,, = 5199/298 = 17.45 kJ/K and 
ASuniv = A Ssurr FAS, = 17.45 — 11.55 = 5.90 kJ/K > 0 


6.8 THE SECOND LAW APPLIED TO A CONTROL VOLUME 


The second law has been applied thus far in this chapter to a system, a particular collection of mass 
particles. We now wish to apply the second law to a control volume, following the same strategy used in 
our study of the first law. In Fig. 6-8 a control volume is enclosed by the control surface shown with the 
dashed lines surrounding some device or volume of interest. The second law can then be expressed over a 
time increment Ат as 


Entropy change Entropy Entropy Ж Entropy change >0 (6.42) 
of control volume exiting entering of surroundings) ^ f 
This is expressed as 
А$с у, + M282 — mis, + Gow >0 (6.43) 


surr 
If we divide the above equation by dt and use dots to denote rates, we arrive at the rate equation 


S vs + №252 = mısı + Gos >0 (6.44) 


surr 


The equality is associated with a reversible process. The inequality is associated with irreversibilities such 
as viscous effects, which are always present in a material flow; separations of the flow from boundaries 
where abrupt changes in geometry occur; and shock waves in high-speed compressible flow. 


Q 


A i Ssys @ “тізі + Sox. @ 
| Syys (4 At) = туз) + Soy (t+ At) 
| 
| 
| 


Device 
С.у. 


Р ee a ee ЕНИ 


Fig. 6-8 Тһе control volume used in the second-law analysis. 


144 ENTROPY [CHAP. 6 


For a steady-flow process the entropy of the control volume remains constant with time. We can 
then write, recognizing that m =m, = m, 


т(-а) sg (6.45) 
Tyurr 
By transferring energy to the body via heat transfer, we can obviously increase the entropy of the fluid 
flowing from the control volume. However, we also note that for an adiabatic steady-flow process the 
entropy also increases from inlet to exit due to irreversibilities since, for that case, (6.45) reduces to 


Gon (6.46) 


For the reversible adiabatic process the inlet entropy and exit entropy are equal, an isentropic process. 
We use this fact when solving reversible adiabatic processes involving steam, such as flow through an 
ideal turbine. 

We may be particularly interested in the entropy production; we define the rate of entropy production 
to be the left side of (6.44): 


Osurr 


6.47 
Tyurr ( ) 


Sprod = Sev. F M59 = mısı + 
This production rate is zero for reversible processes and positive for irreversible processes. 

One last comment is in order regarding irreversible steady-flow processes, such as that in an actual 
turbine. We desire a quantity that can easily be used as a measure of the irreversibilities that exist in a 
particular device. The efficiency of a device is one such measure; it is defined as the ratio of the actual 
performance of a device to the ideal performance. The ideal performance is often that associated with an 
isentropic process. For example, the efficiency of a turbine would be 


пр = — (6.48) 


where w, is the actual (specific) work output and w, is the (specific) work output associated with an 
isentropic process. In general, the efficiency is defined using the desired output as the measure; for a 
diffuser we would use the pressure increase and for a nozzle the kinetic energy increase. For a compressor 
the actual work required is greater than the ideal work requirement of an isentropic process. For a 
compressor or pump the efficiency is defined to be 


Пс = — (6.49) 
Wa 
The efficiencies above are also called the adiabatic efficiencies since each efficiency is based on an 
adiabatic process. 


EXAMPLE 6.9 А preheater is used to preheat water in a power plant cycle, as shown іп Fig. 6-9. The super- 
heated steam is at a temperature of 250°C and the entering water is subcooled at 45°C. All pressures are 600 
kPa. Calculate the rate of entropy production. 

Solution: From conservation of mass, m3 =m +m, = 0.5 + 4 = 4.5 kg/s. The first law allows us to 
calculate the temperature of the exiting water. Neglecting kinetic-energy and potential-energy changes and 
assuming zero heat transfer, the first law takes the form зй; = mh, + m,h,. Using the steam tables (h; is 
the enthalpy of saturated water at 45°C), 


4.5h3 = (0.5)(2957.2) + (4)(188.4) г. Аз = 496 kJ/kg 
This enthalpy is less than that of saturated liquid at 600 kPa. Thus, the exiting water is also subcooled. Its 
temperature is interpolated from the saturated steam tables (find T that gives hy = 496 kJ/kg) to be 
( 496 — 461.3 
T; = 


5 eis) о) +110 = 118°C 


CHAP. 6] ENTROPY 145 
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Insulation 


Fig. 6-9 


The entropy at this temperature is then interpolated (using sp) to be s3 = 1.508kJ/kg-K. The entropy of the 
entering superheated steam is found to be s; = 7.182 kJ/kg-K. The entering entropy of the subcooled water is $ ; 
at Tj = 45°C, or s; = 0.639 kJ/kg-K. Finally, modifying (6.47), to account for two inlets, we have, with О = 0, 


Sprod = 1383 — йәә — mis, = (4.5)(1.508) — (0.5)(7.182) - (4)(0.639) = 0.639 kW/K 


This is positive, indicating that entropy is produced, a consequence of the second law. The mixing process 
between the superheated steam and the subcooled water is indeed an irreversible process. 


EXAMPLE 6.10 Superheated steam enters a turbine, as shown in Fig. 6-10a, and exits at 2 psia. If the mass 
flux is 4 Ibm/sec, determine the power output if the process is assumed to be reversible and adiabatic. Sketch the 
process on a 7-s diagram. 


T (0) P, 
140 psia 


1000°F Wr | A 


1.8827 Btu / Ibm -^R 
(a) (b) 


Fig. 6-10 


Solution: If we neglect kinetic-energy and potential-energy changes, the first law, for an adiabatic process, 
is -Wy = m(h; — hi). Since the process is also assumed to be reversible, the entropy exiting is the same as the entropy 
entering, as shown in Fig. 6-10b (such a sketch is quite useful in visualizing the process). From the steam tables, 


һу = 1531 Btu/lbm sı = s; = 1.8827 Btu/Ibm-^R 
With the above value for s2, we see that state 2 is in the quality region. The quality is determined as follows: 
Sp = Sp + X28 fe 1.8827 = 0.1750 + 1.7448х; хә = 0.9787 
Then hy = hf + хәй fg = 94.02 + (0.9787) (1022.1) = 1094 Btu/Ibm and 
Wr = (4)(1531 — 1094) = 1748 Btu/sec or 2473 hp 
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EXAMPLE 6.11 The turbine of Example 6.10 is assumed to be 80 percent efficient. Determine the entropy and 
temperature of the final state. Sketch the real process оп a 7-5 diagram. 
Solution: Using the definition of efficiency, the actual power output is found to be 
W, — (0.8)W, — (0.8)(1748) — 1398 Btu/sec 
From the first law, — W, = m(hy — hj), we have hy = hı — W,/m = 1521 — 1398/4 = 1182 Btu/lbm. Using 


this value and Py = 2 psia, we see that state 2' lies in the superheated region, since hy > h,. This is shown in 
Fig. 6-11. At P; — 2 and ^» — 1182 we interpolate to find the value of T»: 


1186 — 1182 С 
Бу = (irse ns) 280 240) + 280 = 271 °F 
The entropy is s» = 2.0526 Btu/Ibm-^R. 


1.8827 Btu / lbm -°R 
Fig. 6-11 


Note that the irreversibility has the desired effect of moving state 2 into the superheated region, thereby 


eliminating the formation of droplets due to the condensation of moisture. In an actual turbine, moisture 
formation cannot be tolerated because of damage to the turbine blades. 


Solved Problems 
6.1 


A Carnot engine delivers 100 kW of power by operating between temperature reservoirs at 100°C 
and 1000°C. Calculate the entropy change of each reservoir and the net entropy change of the 
two reservoirs after 20 min of operation. 
The efficiency of the engine is 
f 373 


The high-temperature heat transfer is then Qy = W/n = 100/0.7070 = 141.4 kW. The low-temperature heat 
transfer is 


ÒL = др — W = 141.4 — 100 = 41.4 kW 
The entropy changes of the reservoirs аге then 


_ Он QyAt _ _ (141.4)[(20)(60)] | 
= алашы та DA 133.3 КЈ/К 
_ QL _ QLAt (41.4)[(20)(60)] | 
AS, = т =e = ET = 1332 kJ/K 
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6.2 


6.3 


6.4 


6.5 


6.6 


The net entropy change of the two reservoirs is AS, = ASy + AS; = — 133.3 + 133.2 = —0.1 kJ/K. This 
is zero, except for round-off error, in compliance with (6.2). 


Two kilograms of air is heated at constant pressure of 200 kPa to 500°C. Calculate the entropy 
change if the initial volume is 0.8 m?. 


The initial temperature is found to be 


P,V,  (200)(0.8) 
ix mh = (2)(0.287) Б 


The entropy change is then found, using (6.16) to be 


T. 773 
AS = m|C, In zz = R In 1| = (2)(1.00) In = = 2.040 KI/K 


| 78.7 


Air is compressed in an automobile cylinder from 14.7 to 2000 psia. If the initial temperature is 
60°F, estimate the final temperature. 


Compression occurs very rapidly in an automobile cylinder (О = 0); hence, we approximate the process 
with an adiabatic reversible process. Using (6./7), we find the final temperature to be 


(k—1)/k 0.4/1.4 
PEE (2) = (520) (тат) =2117°R or 1657°F 


A piston allows air to expand from 6 MPa to 200 kPa. The initial volume and temperature are 500 cm? 
and 800°C. If the temperature is held constant, calculate the heat transfer and the entropy change. 


The first law, using the work for an isothermal process, provides us with 


= у = тЕТ In 1 = RT, In = = (6 5 1 In —— = 10.20 kJ 
О-М-т 2 р, (м) ing (6000)(500 x 10 259 0.20 
The entropy change is then 
P. PV, Р. (6000)(500 х 107%). 200 
AS = 91 R In 22 = DU dn m2 1 -951/К 
dc LL T UE 1073 п 6000 / 


A paddle wheel provides 200 kJ of work to the air contained in a 0.2-m? rigid volume, initially at 
400 kPa and 40°C. Determine the entropy change if the volume is insulated. 


The first law, with zero heat transfer because of the insulation, provides 


=. _ ... (400)(0.2) = 
— W = m^u = тС,АТ (— 200) = (0:287) 313) (0.717)(Т,- 313) Т; = 626.2 К 
The entropy change is then found to be 
(400) (0.2) 626.2 


AS = mC, In 2 + mR 1 = (0.717) In = = 0.4428 К/К 
1 


(0.287) (313) 


Air is compressed in an automobile cylinder from 14.7 to 2000 psia. Predict the final temperature 
if the initial temperature is 60°F. Do not assume constant specific heat. 


Since the process is quite rapid, with little chance for heat transfer, we will assume an adiabatic 
reversible process. For such a process we may use (6.25) and find 


_p 2000 


Р, "E - (12147) (тат) = 165.3 


т 
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where Р, is found in Table E-1E. The temperature is now interpolated, using P,., to be 


Т, = 


165.3 — 141.5 Я 
БЕ vat 3) (2000 1900) + 1900 = 1973°R 


This compares with 2117°R of Prob. 6.3, in which the specific heat was assumed constant. Note the 
significant error (over 7 percent) in Т, of Prob. 6.3. This occurs for large AT. 


Air expands from 200 to 1000 cm? in a cylinder while the pressure is held constant at 600 kPa. If 
the initial temperature is 20°C, calculate the heat transfer assuming (a) constant specific heat and 
(b) variable specific heat. 


(a) The air mass is 


. PV  (600(200x10-9) | 
m= Rr = (0287)093 = 0.001427 ke 


The final temperature is found using the ideal-gas law: 


Vy 1000 
Ty = Т, = = (293)( = | = 1465 К 
‚= үг = (0) 
The heat transfer is then (constant-pressure process) 


Q = mC,(T, — Т) = (0.001427)(1.00)(1465 — 293) = 1.672 kJ 


(b) The mass апа T, are as computed in part (a). The first law again provides, using л, and Лу from 
Table E-1, 


Q = m(h; — hi) = (0.001427)(1593.7 — 293.2) = 1.856 kJ 


This shows that a 9.9 percent error results from assuming constant specific heat. This is due to the large 
temperature difference between the end states of the process. 


Water is maintained at a constant pressure of 400 kPa while the temperature changes from 20*C 
to 400°C. Calculate the heat transfer and the entropy change. 
Using v; = vy at 20°C [state 1 is compressed liquid], 
ш = P(v; — v) = (400)(0.7726 — 0.001002) = 308.6 kJ/kg 
The first law gives q = ил — иу + w = 2964.4 — 83.9 + 308.6 = 3189 kJ/kg and the entropy change is 
As = 5) — sı = 7.8992 — 0.2965 = 7.603 kJ/kg-K 


Two kilograms of steam is contained in a 6-liter tank at 60°C. If 1 MJ of heat is added, calculate 
the final entropy. 


The initial quality is found as follows: 


_ Vv 6x10? 


m 


vi = 0.001017 + x; (7.671 — 0.001) с. xı = 0.0002585 


The initial specific internal energy is then 
uj = ug + xi(ug — uy) = 251.1 + (0.0002585)(2456.6 — 251.1) = 251.7 kJ/kg 
The first law, with W = 0, gives 


) 1 
О = т(из – ui) ог из= иш + © =251л + “OY = 151.7 ке 
т 
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Using v = v; = 0.003 т? /Ке and из = 751.7 kJ/kg, we locate state 2 by trial and error. The quality must be 
the same for the temperature selected: 


Т, = 170°C: 0.003 = 0.0011 + х›(0.2428 — 0.0011) л. xa = 0.00786 
751.7 = 718.3 + x4(2576.5 — 718.3) 72x) = 0.01797 

Т, = 177°C: 0.003 = 0.0011 + х›(0.2087 — 0.0011) <. xa = 0.00915 
751.7 = 750.0 + x4(2581.5 — 750.0) 2.х = 0.00093 


A temperature of 176°C is chosen. The quality from v; is used since it is less sensitive to temperature change. 
At 176°C, we interpolate to find 


0.003 = 0.0011 + x2(0.2136 — 0.0011) г = 0.00894 
Hence S, = т(зу + хәз) = (2)[2.101 + (0.00894) (4.518)] = 4.28 kJ/K. 


Five ice cubes (each 1.2 in?) at 0°F are placed in a 16-oz glass of water at 60°F. Calculate the final 
equilibrium temperature and the net entropy change, assuming an insulated glass. 


The first law allows us to determine the final temperature. We will assume that not all of the ice melts so 
that 7 = 32°F. The ice warms up and some of it then melts. The original water cools. First, we calculate the 
mass of the ice (see Table C-5E) and the water: 

_ (5)(1.2/1728) _ = € 
m= 3005 77 0.199 Ibm, m, —llbm (a pint’s a pound) 
The first law is expressed as m;(C,); AT + mj, Ah; = m,(C,),, AT, where m; is the amount of ice that melts. 
This becomes 


(0.199) (0.49) (32 — 0) + (m,)(140) = (1)(1.0)(60 — 32) sam, = 0.1777 Ibm 
The net entropy change of the ice and water is then 
ASnet = jC, In D + т(5 — 5) + m,C, In D 
Тү Ti 
492 492 š 
= (0.199) (0.49) In 160 + (0.1777)[0.0 — ( —0.292)] + (1)(1.0) In 20 = 0.00311 Btu/°R 


The steam іп a Carnot engine is compressed adiabatically from 10 kPa to 6 MPa with saturated 
liquid occurring at the end of the process. If the work output is 500 kJ/kg, calculate the quality at 
the end of the isothermal expansion. 


For a cycle, the work output equals the net heat input, so that 
W = ATAs 500 = (275.6 — 45.8)(5 — 3.0273) s2 = 5.203 kJ/kg-K 
This 5 is the entropy at the end of the isothermal expansion. Using the values of s, and s;, at 6 MPa, we have 


5.203 = 3.0273 + 2.8627x, 2.Х = 0.760 


The R134a in a Carnot refrigerator operates between saturated liquid and saturated vapor during 
the heat rejection process. If the cycle has a high temperature of 52°C and a low temperature of 
—20°C, calculate the heat transfer from the refrigerated space and the quality at the beginning of 
the heat addition process. 


The cycle COP is given as 


Т, 253 


Ta — T, 325—253 


COP = 


The COP is also given by COP = q;/w, where 
ш = ATAs = [52 — (—20)](0.9004 — 0.4432) = 32.92 kJ/kg 
Hence, the heat transfer that cools is 4, = (COP)(w) = (3.51)(32.92) = 115.5 kJ/kg. 


150 


6.13 


6.14 


6.15 


ENTROPY [CHAP. 6 


The quality at the beginning of the heat addition process is found by equating the entropy at the end of 
the heat rejection process to the entropy at the beginning of the heat addition process: 


0.4432 = 0.0996 + (0.9332 — 0.0996)x z. x = 0.412 
Show that the inequality of Clausius is satisfied by a Carnot engine operating with steam between 


pressures of 40 kPa and 4 MPa. The work output is 350 kJ/kg, and saturated vapor enters the 
adiabatic expansion process. 


Referring to Table C-2, the high and low temperatures are 250.4°C and 75.9°C. The work output 
allows us to calculate the entropy at the beginning of the heat-addition process as follows: 


ш = ATAs 350 = (250.4 — 75.9)As ^. As = 2.006 kJ/kg-K 
The heat addition is then gy = Тн As = (250.4 + 273)(2.006) = 1049.9 kJ/kg, and the heat extraction is 
qı = T,As = (75.9 + 273) (2.006) = 699.9 kJ/kg 
For the (reversible) Carnot cycle the inequality of Clausius should become an equality: 


ТЕ _ Qu Q, _ 1049.9 699.9 
T Tya Т, 523.4 348.9 


= 2.006 - 2.006=0 (О.К.) 


A 5-ІҺ block of copper at 200°F is submerged іп 10 Ibm of water at 50°F, and after a period of time, 
equilibrium is established. If the container is insulated, calculate the entropy change of the universe. 


First, we find the final equilibrium temperature. Since no energy leaves the container, we have, using 
specific heat values from Table B-4E, 


т.(С,) (AT), = т„(С,)„ (AT), 5 x 0.093(200 — 75) = (10)(1.00)(T — 50) Т, = 56.66°F 
The entropy changes are found to be 


y 516.7 


(AS), =m,(C,), In ту = (5)(0.093) In =g = — 0.1138 Btu/°R 
(AS), = т„(С„)„ In Doa (10)(1.00) In d — 0.1305 Btu/^R 


Since no heat leaves the container, there is no entropy change of the surroundings. Hence 


AS universe = (AS), + (AS), = — 0.1138 + 0.1305 = 0.0167 Btu/ °R 


Two kilograms of saturated steam is contained in 0.2-m? rigid volume. Heat is transferred to the 
surroundings at 30°C until the quality reaches 20 percent. Calculate the entropy change of the 
universe. 


The initial specific volume is v, = 0.2/2 = 0.1 m/kg. By studying Tables C-1 and C-2 for the nearest v, 
we see that this occurs at P, = 2 MPa. We also observe that T; = 212.4°С, s, = 6.3417 kJ/kg.K, and 
иі = 2600.3 kJ/kg. Since the volume is rigid, we can locate state 2 by trial and error as follows. 


Try P = 0.4 MPa: v; = 0.0011 + 0.2(0.4625 — 0.0011) = 0.0934 m*/kg 
Try P, = 0.3 MPa: v; = 0.0011 + 0.2(0.6058 — 0.0011) = 0.122 m?/kg 
Obviously, v; = 0.1, so that state 2 is between 0.4 and 0.3 MPa. We interpolate to find 


„= (sos osi) (0.1) + 0.3 = 0.377 MPa 
The entropy and internal energy are also interpolated as follows: 

Sy = 1.753 + (0.2)(5.166) = 2.786 kJ/kg-K иә = 594.3 + (0.2)(2551.3 — 594.3) = 986 kJ/kg 
The heat transfer is then, with W = 0 for the rigid volume, 


Q = m(u» — uj) = (2)(986 — 2600) = —3230 kJ [heat to surroundings] 
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The entropy change for the universe is calculated as 


3230 


AS universe = PAS, А5$ = (2)(2.786 — 6.3417) + — 
Suniverse m Ssys ze ушт ( )( ) + 273 uie 30 


= 3.55 kJ/K 

A steam turbine accepts 2 kg/s of steam at 6 MPa and 600^C and exhausts saturated steam at 
20 kPa while producing 2000 kW of work. If the surroundings are at 30^C and the flow is steady, 
calculate the rate of entropy production. 


The first law for a control volume allows us to calculate the heat transfer from the turbine to the surroundings: 
Эт = m(h; — hy) + Wr = (2)(2609.7 — 3658.4) + 2000 = — 97.4 kW 
Hence, Ом = — От = + 97.4 kW. The rate of entropy production is then found from (6.47) to be 


қ 97.4 
Go = 0 + (2)(7.9093 — 7.1685) + > = 1.80 kW/K 


Уой = Sey F т (52 xi 51) ES 
A rigid tank is sealed when the temperature is 0^C. On a hot day the temperature in the tank 
reaches 50°C. If a small hole is drilled in the tank, estimate the velocity of the escaping air. 
As the tank heats up, the volume remains constant. Assuming atmospheric pressure at the initial state, 
the ideal-gas law yields 
Tə 323 


Pr = Pig = (100) (553) = 118.3 kPa 


The temperature at the exit, as the air expands from Р; to Р; as it escapes out of the hole, is found by 
assuming an isentropic process: 


(к= 1)/k (L4—1)/14 
Р. 1 
Т, = Т, (ғ) = (323) (тз i85) = 307.9 К 


where we have assumed pressure Р; outside the tank to be atmospheric. The control-volume energy equation 
is now used to find the exit velocity 1/3: 


/2 _ 4/2 
0 = m FE E V3 = /2C,(T — Ту) = //(2)1000)(323 - 307.9) = 173.8 m/s 


Note that we have used C, = 1000 J/kg-K, not C, = 1.00 kJ/kg-K. This provides the correct units; that is, 
J/kg.K = N-m/kg-K = m?/s’-K. 


Steam expands isentropically through a turbine from 6 MPa and 600°C to 10 kPa. Calculate the 
power output if the mass flux is 2 kg/s. 


The exit state is at the same entropy as the inlet. This allows us to determine the exit quality as follows 
(use entries at 10 kPa): 


зэ = 8, = 7.1685 = 0.6491 + 7.5019x; с. x2 = 0.8690 


The exit enthalpy is hy = h p + хуй fe = 191.8 + (0.8690)(2392.8) = 2271 kJ/kg. The control-volume energy 
equation then allows us to calculate 


Wr = —m(hy — hy) = —(2)(2271 — 3658.4) = 2774 kW 


This is the maximum possible power ouput for this turbine operating between the temperature and pressure 
limits imposed. 


A steam turbine produces 3000 hp from a mass flux of 20,000 Ibm/hr. The steam enters at 1000 °F 
and 800 psia and exits at 2 psia. Calculate the efficiency of the turbine. 


The maximum possible work output is calculated first. For an isentropic process, state 2 is located as 
follows: 


зэ = sı = 1.6807 = 0.1750 + 1.7448x; с. хә = 0.8630 
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The exit enthalpy is then A; = hy + хәл, = 94.02 + (0.8630)(1022.1) = 976.1 Btu/Ibm. The work output ш, 
associated with the isentropic process is 


ш, = — (h — hy) = — (976.1 — 1511.9) = 535.8 Btu/Ibm 
The actual work output w, is calculated from the given information: 


_ Wr  (3000)(550/778 _ 
Wy сс = 2000073600 = 381.7 Btu/Ibm 


The efficiency is found, using (6.48), to be 


wy 3817 
"r— w, 535.8 


8 


=0.712 ог 71.2% 


6.20 Calculate the efficiency of the Rankine cycle operating on steam shown in Fig. 6-12 if the max- 
imum temperature is 700°C. The pressure is constant in the boiler and condenser. 


The isentropic process from 2 to 3 allows us to locate state 3. Since P; = 10 MPa and Т, = 700°C, we find 
53 = 5) = 7.1696 = 0.6491 + 7.5019х; гхз = 0.8692 


The enthalpy of state 3 is then h3 = h f + x3h fg = 191.8 + (0.8692)(2392.8) = 2272 kJ/kg. The turbine out- 
put is 


wr = — (hy — hy) = — (2272 — 3870.5) = 1598 kJ/kg 


рі = PA 10000 — 10 
Р 1000 /kg 


and, since — W, = hi — hg, 
hy — ha — w, = 191.8 — (—9.99) = 201.8 kJ/kg 
The energy input to the boiler is gg = hy — hj = 3870.9 — 201.8 = 3669 kJ/kg, from which 


wrtwp 1598 — 9.99 
Wcle = = = 0.433 43.39 
Tlcycle dp 3669 0 or V 


boiler 
turbine 
condenser 
pump 


Fig. 6-12 


Supplementary Problems 


6.21 А Carnot engine extracts 100 kJ of heat from an 800°C reservoir and rejects to the surroundings at 20°C. 
Calculate the entropy change (a) of the reservoir and (5) of the surroundings. 
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A Carnot refrigerator removes 200 kJ of heat from a refrigerated space maintained at — 10°C. Its COP is 10. 
Calculate the entropy change (a) of the refrigerated space and (р) of the high-temperature reservoir. 


A reversible heat pump requires 4 hp while providing 50,000 Btu/hr to heat a space maintained at 70°F. 
Calculate the entropy change of the space and the low-temperature reservoir after 10 min of operation. 


Compare the entropy increase of the high-temperature reservoir and the entropy decrease of the specimen of 
Prob. 5.28. 


Verify that (6.17) results from (6.15) and (6.16). 


A gas of mass 0.2 kg is compressed slowly from 150 kPa and 40°C to 600 kPa, in an adiabatic process. 
Determine the final volume if the gas is (a) air, (b) carbon dioxide, (c) nitrogen, and (d) hydrogen. 


Two kilograms of gas changes state from 120 kPa and 27°C to 600 kPa in a rigid container. Calculate the 
entropy change if the gas is (a) air, (b) carbon dioxide, (c) nitrogen, and (d) hydrogen. 


Determine the entropy change of a gas in a rigid container that is heated from the conditions shown in 
Fig. 6-13 to 100 psia, if the gas is (a) air, (b) carbon dioxide, (c) nitrogen, and (d) hydrogen. Atmospheric 
pressure is 13 psia. The initial pressure is 0 psi gage 


NS 
\ 
\ 
\ 
N 
\ 
N 


V = 10 fe 


7 
G 
: 
| 
Z 
7 
Z 
f 
| 
Z 


NS 


Fig. 6-13 


The entropy change in a certain expansion process is 5.2 kJ/K. The gas, initially at 80 kPa, 27°C, and 
4 т?, achieves a final temperature of 127°C. Calculate the final volume if the gas is (a) air, (b) carbon 
dioxide, (c) nitrogen, and (d) hydrogen. 


Nine kJ of heat is added to the cylinder shown in Fig. 6-14. If the initial conditions are 200 kPa and 27°C, 
compute the work done and the entropy change for (a) air, (b) carbon dioxide, (c) nitrogen, and (d) hydrogen. 


Frictionless 


Q Piston piston 


Gas 20 mm 


= 20 cm dia. — —* 


Fig. 6-14 
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A piston is inserted into a cylinder, causing the pressure to change from 50 to 4000 kPa while the temperature 
remains constant at 27°C. To accomplish this, heat transfer must occur. Determine the heat transfer and the 
entropy change, if the working substance is (a) air, (b) carbon dioxide, (c) nitrogen, and (4) hydrogen. 


The temperature of a gas changes from 60°F to 900°F while the pressure remains constant at 16 psia. Compute 
the heat transfer and the entropy change if the gas is (a) air, (b) carbon dioxide, (c) nitrogen, and (d) hydrogen. 


A rigid, insulated 4-m? volume is divided in half by a membrane. One chamber is pressurized with air to 
100 kPa and the other is completely evacuated. The membrane is ruptured and after a period of time 
equilibrium is restored. What is the entropy change? 


Four hundred kJ of paddle-wheel work is transferred to air in a rigid, insulated 2-m* volume, initially at 100 kPa 
and 57°C. Calculate the entropy change if the working substance is (a) air, (b) carbon dioxide, (c) nitrogen, and 
(d) hydrogen. 


A torque of 40 N-m is needed to rotate a shaft at 40 rad/s. It is attached to a paddle wheel located in a rigid 
2-m? volume. Initially the temperature is 47°C and the pressure is 200 kPa; if the paddle wheel rotates for 
10 min and 500 kJ of heat is transferred to the air in the volume, determine the entropy increase (a) assuming 
constant specific heats and (5) using the gas table. 


Two pounds of air is contained in an insulated piston-cylinder arrangement. The air is compressed from 16 
psia and 60°F by applying 2 x 10? ft-Ibf of work. Compute the final pressure and temperature, (a) assuming 
constant specific heats and (b) using the gas table. 


A piston-cylinder arrangement is used to compress 0.2 kg of air isentropically from initial conditions of 120 kPa 
апа 27°C to 2000 kPa. Calculate the work necessary, (a) assuming constant specific heats and (р) using the gas 
table. 


Four kilograms of air expands in an insulated cylinder from 500 kPa and 227°C to 20 kPa. What is the work 
output (a) assuming constant specific heats and (р) using the gas table? 


Steam, at a quality of 85 percent, is expanded in a cylinder at a constant pressure of 800 kPa by adding 
2000 kJ/kg of heat. Compute the entropy increase and the final temperature. 


Two pounds of steam, initially at a quality of 40 percent and a pressure of 600 psia, is expanded in a cylinder 
at constant temperature until the pressure is halved. Determine the entropy change and the heat transfer. 


0.1 kg water is expanded in a cylinder at a constant pressure of 4 MPa from saturated liquid until the 
temperature is 600°C. Calculate the work necessary and the entropy change. 


Two kilograms of steam at 100°C is contained in a 3.4-m? cylinder. If the steam undergoes an isentropic 
expansion to 20 kPa, determine the work output. 


Five kilograms of steam contained in a 2-m? cylinder at 40 kPa is compressed isentropically to 5000 kPa. 
What is the work needed? 


Ten pounds of water at 14.7 psia is heated at constant pressure from 40°F to saturated vapor. Compute the 
heat transfer necessary and the entropy change. 


Five kilograms of ice at — 20°C is mixed with water initially at 20°C. If there is no significant heat transfer 
from the container, determine the final temperature and the net entropy change if the initial mass of water is 
(а) 10 kg and (5) 40 kg. 


A Carnot engine operates with steam on the cycle shown in Fig. 6-15. What is the thermal efficiency? If the 
work output is 300 kJ/kg, what is the quality of state 1? 
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6.47 


6.48 


6.49 


6.50 


6.51 


6.52 


6.53 


6.54 


6.55 


6.56 


Fig. 6-15 


The steam in a Carnot engine is compressed adiabatically from 20 kPa to 800 kPa. The heat addition results in 
saturated vapor. If the final quality is 15 percent, calculate the net work per cycle and the thermal efficiency. 


A Carnot engine which operates with steam has a pressure of 8 psia and a quality of 20 percent at the 
beginning of the adiabatic compression process. If the thermal efficiency is 40 percent and the adiabatic 
expansion process begins with a saturated vapor, determine the heat added. 


A Carnot engine operates at 4000 cycles per minute with 0.02 kg of steam, as shown in Fig. 6-16. If the 
quality of state 4 is 15 percent, (a) What is the power output? (b) what is the quality of state 3? 


Fig. 6-16 


For a Carnot engine operating under the conditions of Prob. 5.17, show that the inequality of Clausius is 
satisfied. 


Using the information given in Prob. 5.22, verify that the inequality of Clausius is satisfied. 
For the steam cycle of Prob. 6.46 show that the inequality of Clausius is satisfied. 


One pound of air is contained in a 6 Ё volume at a pressure of 30 psia. Heat is transferred to the air from a 
high-temperature reservoir until the temperature is tripled in value while the pressure is held constant. 
Determine the entropy change of (a) the air, (b) the high-temperature reservoir which is at 1000^F, and 
(c) the universe. 


Two kilograms of air is stored in a rigid volume of 2 m? with the temperature initially at 300°C. Heat is 
transferred from the air until the pressure reaches 120 kPa. Calculate the entropy change of (a) the air and 
(b) the universe if the surroundings are at 27°C. 


Three kilograms of saturated steam at 200°C is cooled at constant pressure until the steam is completely 
condensed. What is the net entropy change of the universe if the surroundings are at 20^C? 


Steam at a quality of 80 percent is contained in a rigid vessel of a volume 400 cm?. The initial pressure is 200 
kPa. Energy is added to the steam by heat transfer from a source maintained at 700°C until the pressure is 
600 kPa. What is the entropy change of the universe? 
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6.57 


6.58 


6.59 


6.60 


6.61 


6.62 


6.63 


6.64 


6.65 


6.66 
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The feedwater heater shown in Fig. 6-17 is used to preheat water in a power plant cycle. Saturated water 
leaves the preheater. Calculate the entropy production if all pressures are 60 psia. 


[| SS Steam 


+—— Feedwater 
heater —_ 8 lbm/sec 
Water 80°F 
Fig. 6-17 


Air flows from a tank maintained at 140 kPa and 27°C from a 25-mm-diameter hole. Estimate the mass flux 
from the hole assuming an isentropic process. 


Air flows from a nozzle in which the diameter is reduced from 100 to 40 mm. The inlet conditions are 130 
kPa and 150°C with a velocity of 40 m/s. Assuming an isentropic process, calculate the exit velocity if the 
exit pressure is 85 kPa. 


The gases flowing through a turbine have essentially the same properties as air. The inlet gases are at 800 kPa 
and 900°C and the exit pressure is atmospheric at 90 kPa. Compute the work output assuming an isentropic 
process if (a) the specific heats are constant and (р) the gas tables are used. 


Saturated steam at 300°F is compressed to a pressure of 800 psia. The device used for the compression 
process is well-insulated. Assuming the process to be reversible, calculate the power needed if 6 Ibm/sec of 
steam is flowing. 


Every second 3.5 kg of superheated steam flows through the turbine shown in Fig. 6-18. Assuming an 


isentropic process, calculate the maximum power rating of this turbine. 


1500 kPa 


-- 


T, = 600°C 


Fig. 6-18 


Two hundred kW is to be produced by a steam turbine. The outlet steam is to be saturated at 80 kPa and the 
steam entering will be at 600°C. For an isentropic process determine the mass flux of steam. 


A turbine produces 3 MW by extracting energy from 4 kg of steam which flows through the turbine every 
second. The steam enters at 250°C and 1500 kPa and exits as saturated steam at 2 kPa. Calculate the turbine 
efficiency. 


A steam turbine is 85% efficient. Steam enters at 900°F and 300 psia and leaves at 4 psia. (a) How much 
energy can be produced? (b) If 3000 hp must be produced, what must the mass flux be? 


Determine the efficiency of an ideal piston engine operating on the Otto cycle shown in Fig. 6-19, if 
T, = 60°C and T; = 1600°C. 


CHAP. 6] ENTROPY 157 


Fig. 6-19 


6.67 Calculate the efficiency of the Rankine cycle shown іп Fig. 6-20, if Py = 20 kPa, P, = P; = 4 MPa, and 
T; — 600 °С, 


o 


Turbine 


2 psia 
x=1 


Condenser 


Fig. 6-20 Fig. 6-21 


6.68 Determine the efficiency of the Rankine cycle shown schematically in Fig. 6-21. 


6.69 For the diesel cycle shown in Fig. 6-22 the compression ratio v; /v; is 15 and the added heat is 1800 kJ per 
kilogram of air. If T, = 20°C, calculate the thermal efficiency. 


100 kPa 


Fig. 6-22 


Review Questions for the FE Examination 


6.1FE Which of the following entropy relationships for a process is incorrect? 
(A) Air, У = const.: As = C, In Т›/Т, 
(B) Water: As = C, In Т›/Т, 
(C) Reservoir: As = C, In Т/Т 
(D) Copper: As = С, In T,/T, 
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6.2FE 


6.3FE 


6.4FE 


6.5FE 


6.6FE 


6.7FE 


6.8FE 


6.9FE 


6.10FE 
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One kilogram of air is heated in a rigid container from 20°C to 300°C. The entropy change is nearest: 
(A) 0.64 КЈ/К 
(B) 0.54 kJ/K 
(C) 0.48 КЈ/К 
(D) 0.34 kJ/K 


Ten kilograms of air is expanded isentropically from 500°C and 6 MPa to 400 kPa. The work accomplished 
is nearest: 

(A) 7400 kJ 

(B) 6200 kJ 

(C) 4300 kJ 

(D) 2990 kJ 


Calculate the total entropy change if 10 kg of ice at 0°C is mixed in an insulated container with 20 kg of 
water at 20°C. The heat of melting for ice is 340 kJ/K. 

(A) 6.1 kJ/K 

(B) 3.9 kJ/K 

(С) L2 kJ/K 

(D) 0.21 kJ/K 


Ten kilograms of iron at 300°C is chilled in a large volume of ice and water. The total entropy change is 
nearest: 

(A) 0.88 kJ/K 

(B) 1.01 kJ/K 

(CO) 1.2 К/К 

(D) 0.21 kJ/K 


Which of the following second-law statements is incorrect? 

(A) The entropy of an isolated system must remain constant or increase. 

(B) The entropy of a hot copper block decreases as it cools. 

(C) If ice is melted in water in an insulated container, the net entropy decreases. 
(D) Work must be input if energy is transferred from a cold body to a hot body. 


The work needed to isentropically compress 2 kg of steam in a cylinder at 400 kPa and 400°C to 2 MPa is 
nearest: 


(A) 1020 kJ 

(B) 940 kJ 

(С) 780 kJ 

(D) 560 kJ 

Find шт of the insulated turbine shown in ied 


Fig. 6-23. pee 
(A) 1410 kJ/kg 
(B) 1360 kJ/kg 
(C) 1200 kJ/kg 
(D) 1020 kJ/kg 


For the turbine of Fig. 6-23, find (шт) 
(A) 1410 kJ/kg 
(B) 1360 kJ/kg 
(C) 1200 kJ/kg 
(D) 1020 kJ/kg 


max‘ 


Fig. 6-23 


For the turbine of Fig. 6-23, find 7. 
(A) 64°C 

(B) 76°C 

(C) 88°C 

(D) 104°C 


CHAP. 6] ENTROPY 159 


6.11FE The efficiency of the turbine of Fig. 6-23 is nearest: 


6.21 
6.22 
6.23 
6.24 
6.26 
6.27 
6.28 
6.29 
6.30 
6.31 


6.32 


6.33 
6.34 
6.35 
6.36 
6.37 
6.38 
6.39 
6.40 
6.41 
6.42 
6.43 
6.44 
6.45 
6.46 
6.47 
6.48 
6.49 
6.53 
6.54 
6.55 
6.56 
6.57 
6.58 
6.59 


(A) 85% 
(B) 8994 
(C) 91% 
(D) 93% 


Answers to Supplementary Problems 


(a) —0.0932 kJ/K (b) 0.0932 kJ/K 
(а) —0.76 kJ/K — (b) 0.76 kJ/s 
15.72 Btu/ °R, —4.02 Btu/ °R 
5 КЈ/К, —5К]/К 
а) 0.0445 т? (b) 0.0269 m? (с) 0.046 т? (а) 0.0246 m? 
а) 2.31 КЈ/К (Б) 2.1 КЈ/К (c) 2.4 КЈ/К (d) 32.4 КЈ/К 
) 0.349 Btu/°R (b) 0.485Btu/°R (с) 0.3532Btu/^R (а) 0.342 Btu/°R 
а) 254? (РБ) 195 т? (с) 255 т? (а) 259 m 
) 35.45, 15.4Ј/К; (b) 427, 169J/K; (с) 347, 15.3J/K; (а) 2.487, 152J/K. 
) —377 kJ/kg, — 1.26 kJ/kg-K; (Б) – 248 kJ/kg, — 0.828 KJ/kg-K; (с) – 390 kJ/kg, — 1.30 kJ/kg-K; 
d) — 5420 kJ/kg, — 18.1 kJ/kg.K 
а) 202 Btu/Ibm, 0.24 Btu/Ibm-^R; (b) 170 Btu/Ibm, 0.202 Btu/Ibm-°R (с) 208 Btu/Ibm, 
0.248 Btu/Ibm-^R; (а) 2870 Btu/Ibm, 3.42 Btu/Ibm-^R 
0.473 kJ/K 
(а) 0.889 kJ/K (b) 0.914 /К (с) 0.891 К/К (а) 0.886 KJ/K 
(а) 2.81 Ю/К (b) 2.83 kJ/K 
(а) 366 psia, 812°F; (b) 362 psia, 785°F 
(а) —53.1kJ (b) —53.4 kJ 
(а) 863 kJ (b) 864 kJ 
2.95 kJ/kg.K, 934°C 
1.158 Btu/^R, 983 Btu 
39 kJ, 0.457 КЈ/К 
442 kJ 
185 kJ 
11,420 Btu, 17.4 Btu/^R 
(a) 0°C, 0.135 КЈ/К; (Б) 8.26°C, 0.396 kJ/K 
48.9%, 0.563 
433 kJ/kg, 24.9% 
796 Btu/Ibm 
(а) 19.5 kW (Р) 0.678 
(а) 0.264 Btu/^R. (b) —0.156 Btu/°R (c) 0.108 Btu/°R 
(а) —0.452 kJ/K (b) 0.289 kJ/K 
7.56 kJ/K 
0.611 J/K 
0.423 Btu/sec-^R 
0.147 kg/s 
309 m/s 
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6.60 
6.61 
6.62 
6.63 
6.64 
6.65 
6.66 
6.67 
6.68 
6.69 
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(а) 545 kJ/kg (b) 564 kJ/kg 

2280 hp 

3.88 MW 

0.198 kg/s 

39.9% 

(а) 348 Btu/Ibm (b) 6.096 Ibm/sec 
47.5% 

36.3% 

28% 

50.3 


Answers to Review Questions for the FE Examination 
6.1FE (C) 62FE(C) 63FE(D) 6.4ЕЕ (0) 6.5FE (A) 6.6ЕЕ (С) 


6.10FE (B) 6.ПЕЕ (A) 


[CHAP. 6 


6.8ЕЕ (0) 6.9FE (С) 


Reversible Work, 
Irreversibility, 
and Availability 


71 BASIC CONCEPTS 


Reversible work for a process is defined as the work associated by taking a reversible-process path 
from state A to state B. As stated previously, a reversible process is a process that, having taken place, 
can be reversed and, having been reversed, leaves no change in either the system or the surroundings. A 
reversible process must be a quasiequilibrium process and is subject to the following restrictions: 


No friction exists. 

Heat transfer is due only to an infinitesimal temperature difference. 
Unrestrained expansion does not occur. 

There is no mixing. 

There is no turbulence. 

There is no combustion. 


It can be easily shown that the reversible work or the work output from a reversible process going 
from state A to state B is the maximum work that can be achieved for the state change from A to B. 

It is of interest to compare the actual work for a process to the reversible work for a process. This 
comparison is done in two ways. First, a second-law efficiency for a process or a device can be defined as 


a 


т = (turbine or engine) (7.1) 


rev 
Wiey 
W, 


тп = (pump or compressor) (7.2) 
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where W, is the actual work and W,,, is the reversible work for the fictitious reversible process. Second- 
law efficiency is different from the adiabatic efficiency of a device introduced in Chap. 6. It is generally 
higher and provides a better comparison to the ideal. 

Second, irreversibility is defined as the difference between the reversible work and the actual work for 
a process, or 


I= We, — Wa (7.3) 
On а per-unit-mass basis, 
i = Wey — Wa (7.4) 


Both irreversibility and second-law efficiency will allow us to consider how close an actual process or 
device is to the ideal. Once the irreversibilities for devices in an actual engineering system, such as a 
steam power cycle, have been calculated, attempts to improve the performance of the system can be 
guided by attacking the largest irreversibilities. Similarly, since the maximum possible work will be 
reversible work, irreversibility can be used to evaluate the feasibility of a device. If the irreversibility 
of a proposed device is less than zero, the device is not feasible. [Section 7.2 develops the concepts of 
reversible work and irreversibility.] 

Availability is defined as the maximum amount of reversible work that can be extracted from a 
system: 


v= (Wie) (7.5) 


max 
or, on a per-unit-mass basis, 
p= (Wrev)max (7.6) 


The maximization in (7.5) and (7.6) is over the reversible path joining the prescribed initial state to a final 
dead state in which system and surroundings are in equilibrium. [Section 7.3 develops the notion of 
availability.] 


7.2 REVERSIBLE WORK AND IRREVERSIBILITY 


To obtain expressions for reversible work and irreversibility, we will consider a transient process 
with specified work output and heat input and a uniform through-flow. We begin by allowing this to be 
an irreversible process. Consider the control volume shown in Fig. 7-1. The first law for this control 
volume can be written as 


"M V3 | ut : 
Q- Ж; = {№ + LIRE jm = hı + у en mis Eoy. (7.7) 
Using (6.47), with Tur = Ту and Ошм = — О, we may write the second law as 
Sey. + 597) — sqm, — To Е Sprod =0 (7.8) 


Eliminate Q between (7.7) and (7.8) to obtain 


UE 
Ws = Еу. + Туу — ( + 22 + 822 — 2 т) 


(7.9) 


Vt : | 
+ (r + ES + 921- fs Jih = To Sprod 
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Ws 


Inlet O 


2) оша 0) 


Оа To 


Fig. 7-1 The control volume used in the second-law analysis. 


Since Šprod is due to the irreversibilities, the reversible work rate is given by (7.9) when Šprod is set equal to zero: 
, : | 1/2 Vi 
Wev = =. + ToS, v. = h, + E + 822 — Tos» m» + hı + E + Bep Tosi тү (7.10) 


Then а time integration yields 


Us V 
Wig, = |m; | ui + 2 +80 Тоз; ту ug 5 + 82; — Тозу 
С.У. 
y2 үз (7.11) 
+m| hi + 2 + 821 Tos, m| hy + p + #22 — Tos 
where the subscripts i and f pertain to the initial and final states of the control volume. 
The actual work, if not given, can be determined from a first-law analysis: 
Vi у> 
W, = m;|u; + 5 +8 —ту|и,+ 9 +8/у 
С.У. (7.12) 
v? UE 
tm | hy + 5 + 821 | — m2) ha t + 8a] + 2 
From (7.3), (7.11), and (7.12), 
1 = (m Tos y — miTos;), у. + Tomasz = Toms = Q (7.13) 
For a steady flow with negligible changes in kinetic and potential energies, we have 
Wie, = mhi — hy + To(s2 — 51)] (7.14) 
1 = mTp(s. — sı) + О (7.15) 


It is important to realize that the basic results of this Section—(7.//), (7.12), and (7.13)—also hold 
for a system, which is nothing other than a control volume for which ту = т» = 0 (and thus 


m; = my = m). Because time plays no part in the thermodynamics of a system, we generally replace 
the indices i and f by 1 and 2. 


EXAMPLE 7.1 An ideal steam turbine is supplied with steam at 12 MPa and 700°C, and exhausts at 0.6 MPa. 


(a) Determine the reversible work and irreversibility. 
(b) If the turbine has an adiabatic efficiency of 0.88, what is the reversible work, irreversibility, and second-law 
efficiency? 
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Solution: 


(a) The properties for the inlet state are obtained from the steam tables. Since the turbine is isentropic, 
$9 = 5 = 7.0757 kJ/kg-K. From the steam tables we note that the exit state must be superheated vapor. 
We interpolate to obtain T; = 225.2°C and hy = 2904.1 kJ/kg. Then, from the first law for a control 
volume, 


Wa = hy — һә = 3858.4 — 2904.1 = 954.3 kJ/kg 
From (7.11), neglecting kinetic and potential energies, 
Wev = hy — һу — 7,8) 4%) = 3858.4 — 2904.1 = 954.3 kJ/kg 
The irreversibility for an ideal turbine is i = Wey — ш, = 954.3 — 954.3 = 0 kJ/kg. 


(P) Now let the adiabatic turbine have т = 0.88. The isentropic or ideal work was calculated in (a), so that 
the actual work is w, = NrWideat = (0.88) (954.3) = 839.8 kJ/kg. For this adiabatic process, 


hy = һу — w, = 38584 — 839.8 = 3018.6 kJ/kg 


From the steam tables we find that the exit state with P; = 0.6 MPa is superheated vapor, with 
Т» = 279.4°C and в; = 7.2946 kJ/kg. Then, assuming Ту = 298 К, 


We = hy — hy — Ту(зу — s2) = 3858.4 — 3018.6 — (298)(7.0757 — 7.2946) = 905 kJ/kg 


The second-law efficiency is mj = Wa/Wrev = 0.928, which is greater than the adiabatic efficiency. The 
irreversibility is 


i = Wey — ш, = 905.0 — 839.8 = 65.2 kJ/kg 


EXAMPLE 7.2 Measurements are made on an adiabatic compressor with supply air at 15 psia and 80°F. The 
exhaust air is measured at 75 psia and 440°F. Can these measurements be correct? 
Solution: For steady flow in the control volume, with О = 0, (7.15) becomes 


i = То(52 — 51) 
The entropy change is found, using values from the air tables, to be 
S343 ..— WS 


o о Р, = 
ea EE 2 = 0.72438 - 0.60078 — === In 45 


= 0.01334 Btu/Ibm-^R 


The irreversibility is then i = (537)(0.01334) = 7.16 Btu/lbm. As this is positive, the measurements can be 
correct. We assumed 7 to be 537°R. 


7.3 AVAILABILITY AND EXERGY 


According to the discussion in Section 7.1, V is given by (7.11) when the final state ( f) is identified 
with the state of the surroundings (0): 


V? V5 
m; | u; + 2i + 22; — Tosi m y | uo + EE + 229 — Toso 
С.О. 


vi 12 
+ my, hi + 2 + 821 Tos, m» ho + > + 829 — Toso 


(7.16) 


For a steady-flow process (7.16) becomes 


p= h; — ho + 5 + g(zi — zo) — To(s1 — so) (7.17) 
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In carrying out a second-law analysis, it is often useful to define a new thermodynamic function 
(analogous to enthalpy), called exergy: 


2 

E=h+ 5 4-82- Tos (7.18) 

Comparing (7.18) to (7.17), we see that E, — Ey = v. We interpret this equation as a work-energy 

relation: the extractable specific work 1) exactly equals the decrease in useful exergy E between the 

entrance and dead states of the system. More generally, when the system passes from one state to 
another, specific work in the amount — AEF is made available. 

Certain engineering devices have useful outputs or inputs that are not in the form of work; a nozzle 

is an example. Consequently, we generalize the notion of second-law efficiency to that of second-law 

effectiveness: 


(availability produced) + (work produced) + (adjusted heat produced) 


7.19 
(availability supplied) + (work used) + (adjusted heat used) (Oly) 


Ey = 


Heat to or from a device is “adjusted” in (7.19) on the basis of the temperature — Th.. of the heat 
reservoir which is interacting with the device: 


Ti 
adjusted heat — ( = je (7.20) 


EXAMPLE 7.3 Which system can do more useful work, 0.1 Ibm of CO, at 440°F and 30 psia or 0.1 Ibm of № 
at 440°F and 30 psia? 

Solution: Assuming a dead state at 77^F (537^R) and 14.7 psia, we use Table E-4E to calculate the 
availability of the CO): 


P 
У = т ho To (s 50 R In ) 
Po 


= (=) 7597.6 — 4030.2 — 557(56070 - 51.032- 1.986 Іп 22] = 3.77 Btu 


Similarly, for the М», 


P 
Ш-т [ һу To (5 50 В In ) 
Po 


= (ж) (ев — 3279.5 — (537) (49.352 — 45.743 — 1.986 In a) | = 6.47 Btu 


Hence, the М» can do more useful work. 


EXAMPLE 7.4 How much useful work is wasted in the condenser of a power plant which takes in steam of 
quality 0.85 and 5 kPa and delivers saturated liquid at the same pressure? 

Solution: The maximum specific work available at the condenser inlet is ; = hi — hy — Т0(51- so); at 
the outlet it is i; = hy — hy — To(s; — so). The useful work wasted is v; — v» = hy — hy — 7,(51- s2). 

From the steam tables, assuming Ту = 298 К and using the quality to find л; and s;, we find 


фу — V» = hi — ha — Т(у — s2) = 2197.2 — 136.5 — (298)(7.2136 — 0.4717) = 51.6 kJ/kg 
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EXAMPLE 7.5 Calculate the exergy of steam at 500°F and 300 psia. The surroundings are at 76°F. 
Solution: From the superheated steam tables, 


E =h — Tos = 1257.5 — (536)(1.5701) = 415.9 Btu/Ibm 


EXAMPLE 7.6 Determine the second-law effectiveness for an ideal isentropic nozzle. Air enters the nozzle at 
1000 K and 0.5 MPa with negligible kinetic energy and exits to a pressure of 0.1 MPa. 
Solution: Since the process is isentropic, we use the air tables to find 


55 = 50 — Е z = 2.968 — 0.286 In 5 = 2.506 kJ/kg-K 
2 
Thus 
Tə = 657.5 К һә = 667.8 kJ/kg hı = 1046.1 kJ/kg ho = 298.2 kJ/kg 
By the first law, 


2 
= + Ба ог Va = V2(h, — h;)? = V2[(1046.1 — 667.8)(10°)]°° = 1230 m/s 


To evaluate the second-law effectiveness we need the availability produced: 


WE Р 
UN — hy ОЛ Г) (s s$— R In 2) 
0 


1230? 


= 667.8 — 298.2 + ogy — (298) [2.506 — 1.695 — (0.287)(0)] = 884 kJ/kg 


where P, = P, = 0.1 MPA. The availability supplied is 


йй == = (s s$ — R In А) = 1046.1 — 298.2 — (298)(2.968 — 1.695 — 0.287 In 5) = 506 kJ/kg 
0 


Since there is no work or heat transfer, (7.19) gives 


_ V» _ 884 _ 
map йе ан? 


Note that second-law effectiveness is not bounded by 1 (much like the COP for a refrigeration cycle). 


74 SECOND-LAW ANALYSIS OF A CYCLE 


You may choose to study this section after Chapters 8 and 9. 

In applying second-law concepts to a cycle two approaches may be employed. The first is simply to 
evaluate the irreversibilities associated with each device or process in the cycle; this will identify sources 
of large irreversibilities which will adversely affect the efficiency of the cycle. The second is to evaluate ej 
for the whole cycle. 


EXAMPLE 7.7 Consider the simple cycle with steam extraction shown in Fig. 7-2. Calculate the second-law 

effectiveness for the cycle if the boiler produces steam at 1 MPa and 300°C and the turbine exhausts to the 

condenser at 0.01 MPa. The steam extraction occurs at 0.1 MPa, where 10 percent of the steam is removed. Make- 

up water is supplied as saturated liquid at the condenser pressure, and saturated liquid leaves the condenser. 
Solution: We begin by traversing the cycle starting at state 1: 


1—2 Ideal turbine: s = sı = 7.1237 kJ/kg-K 
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Process 
steam 


0 сопа 


Make-up 
water 


Fig. 7-2 


Comparing to s; and s, at 0.1 MPa, we have a two-phase mixture at state 2 with 


so that hy = hy + 0.96h „ = 2587.3 kJ/kg. 
2-3 Ideal turbine: 5; = 5 = 7.1237 kJ/kg-K 
Comparing to s and s, at 0.01 MPa, we have a two-phase mixture at state 3 with 
Pre E 
8 fg 


so that лз = h p + 0.86h ,, = 2256.9kJ/kg. The second-law effectiveness is given by 


V, + Wiurb 
V, яр Woump + [1 zy (19/T1)] Qoi 


egy = 


The dead state for water is liquid at 100 kPa and 25°C: 
hg = hy = 104.9 kJ/kg 50 = sf = 0.3672 kJ/kg-K 
Now the various quantities of interest may be calculated, assuming m, = 1 kg: 


V; = my[hy — һу — Ty(s2 — s9)] = (0.1) [2587.3 — 104.9 — (298)(7.1237 — 0.3672)] = 46.89 kJ 


Wig = 4 (hy — h2) + m3(h2 — h3) = (1.0)(3051.2 — 2587.3) + (0.9)(2587.3 — 2256.9) = 761.3 kJ 
V, = m4[h4 — hg — To(s4 — 5у)] = (0.1)[191.8 — 104.9 — (298)(0.6491 — 0.3671)| = 0.28 kJ 
AP 1000 — 
Woump = Mi = (1.0) Қ 1000 aw) = 0.99 kJ Оьз = Mm; (hy — hg) = (1.0)(3051.2 — 192.8) = 2858 kJ 
whence 
pec 46.89 + 761.3 — 0.59 


0.28 + 0.99 + (1 — 298/573)(2858) 
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EXAMPLE 7.8 Perform an irreversibility calculation for each device in the ideal regenerative gas turbine cycle 
shown in Fig. 7-3. 


© Q burner 


Regenerator oma @ 


Exhaust 


Сошргезвог | Ma 


Air 


Fig. 7-3 


Solution: The temperatures and pressures shown in Table 7-1 are given; Л and s° are found in the air 
tables. For each device we will calculate the irreversibility by 


PTH ene Rin! 
= 5 n 
1 0(581 — 52 Р, q 


except for the burner, where we assume the heat transfer to occur at T4. The irreversibilities are: 


Compressor: 0 
Regenerator: 0 
Burner: 206.3 kJ/kg 
Turbine: 0 


Table 7-1 


The only irreversibility is associated with the burner. This suggests that large savings are possible by improv- 
ing the performance of the burner. However, in attempting such improvement we must bear in mind that 
much of the irreversibility in the burner arises out of the combustion process, an irreversible process, which is 
essential for the operation of the turbine. 


Solved Problems 


71 Тһе intake stroke for the cylinder of an internal combustion engine may be considered as a 
transient polytropic process with exponent — 0.04. The initial pressure, temperature, and volume 
are 13.5 psia, 560°R, and 0.0035 Е. Air is supplied at 14.7 psia and 520 ^R, and the final volume 
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7.2 


Table 7-2 


Inlet State Initial State of C.V. Final State of С.У. 


T, = 520°R T, = 560°R T, = 520°R 
P, = 14.7 psia Р, = 13.5 psia и, = 88.62 Btu/Ibm 


h, = 124.27 Btu/Ibm и; = 95.47 Btu/Ibm s% = 0.5917 Btu/Ibm-^R 
sj = 0.5917 Btu/Ibm-°R | s? = 0.6095 Btu/Ibm-°R | V, = 0.025 f 
V; = 0.0035 ft? 


and temperature are 0.025 f and 520°R. Determine the reversible work and the irreversibility 
associated with the intake process. 


At the various states either we are given, or the air tables provide, the values shown in Table 7-2. In the 
initial state, 
_ PV; _ (13.5)(144) (0.0035) 


Р = 228 x 1074 Ib 
Mi = RT, (53.3)(560) „з. 


The final state is produced by a polytropic process, so that 
y 0.0035 794 
P,=P,{—) = (13.5 = 14.6 psi: 
| (9) | ire) m 


_ РУУ; _ (14.6 (144)(0.025) 
"/ = RT, © (53.3)(520) 


= 1.90 x 107? Ibm 


From conservation of mass, т = m, — m; = (1.90 x 10°) — (2.28 x 10~*) = 1.67 x 107° Ibm. Only bound- 

ary work is actually performed; for the polytropic process we have 

P,V, — PV; = [(14.6) (0.025) — (13.5)(0.0035)](144) 
l-n (1 + 0.04)(778) 


W, = = 0.057 Btu 


The reversible work is given by (7.11) (neglect KE and PE, as usual): 
Wy, = m;(u; — Туз) — ту(и, — Тузу) + mi(hi — Tosi) 


The needed values of s; and s; are obtained from the ideal-gas relation 
5 Р 
== 5° — Rin — 
0 


where Py is some reference pressure. Normally, we do not have to worry about Рр, since when we consider an 
entropy change, Py cancels. It can be shown that even for this problem it will cancel, so that 
Wie, = т.(и; = Tos; + ТУК In P;) = m (ug = Тузу + ТУК In Рр 
+т\(А\ = Tosi + ТУК In Р,) = 0.058 Btu 


and, finally, Z = Wyey — W, = 0.058 — 0.057 = 0.001 Btu. 


A supply pump for a power plant takes in saturated water at 0.01 MPa and boosts its pressure to 
10 MPa. The pump has an adiabatic efficiency of 0.90. Calculate the irreversibility and second- 
law efficiency. 


At the inlet and exit states either we are given, or the steam tables provide, the values given in Table 7-3. 

The actual work is 
y = Vidal AP 10000-10 
É n np (0.9)(1000) 


= —11.1 kJ/kg 
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Table 7-3 
Inlet state 1: saturated liquid phase Exit state 2: compressed liquid phase 
T = 45.8°C P=10MPa 
Р = 0.01 MPa 
h = 191.8 kJ/kg 
s = 0.6491 kJ/kg-K 
Then, by the first law, hy = —w, + hy = —(—11.1) + 191.8 = 202.9 kJ/kg. Using this enthalpy, we can 


interpolate for the entropy from the compressed liquid table and find s, =0.651kJ/kg-K. As in 
Example 7.2, the irreversibility is given by 


i = Tolsa — 51) = (298)(0.651 — 0.6491) = 0.57 kJ/kg 


whence 


Wev =i + wa = 0.57 + (211.1) = —10.5 kJ/kg т = = = = = 0.95 


7.3 А power plant utilizes groundwater in a secondary coolant loop. Water enters the loop at 40°F 
and 16 psia and exits at 80°F and 15 psia. If the heat transfer in the loop occurs at 100°F, what is 
the irreversibility? 


Data are presented in Table 7-4. The heat transfer is q = h; — hı = 48.1 — 8.02 = 40.1 Btu/lbm. The 
irreversibility is given by 


i = Ту(э› — sı) — а = (560)(0.09332 — 0.01617) — 40.1 = 3.1 Btu/Ibm 


Table 7-4 


7.4 


Inlet state 1: compressed liquid phase 


Exit state 2: compressed liquid phase 


T = 40°F 


P = 16 psia 


T = 80°F 


P = 15 psia 


h = 8.02 Btu/Ibm 
s = 0.01617 Btu/Ibm-^R 


h = 48.1 Btu/Ibm 
s = 0.09332 Btu/Ibm-°R 


A reservoir of water is perched in the hills overlooking a valley. The water is at 25°C and 100 kPa. 
If the reservoir is 1 km above the valley floor, calculate the availability of the water from the 
perspective of a farmer living in the valley. 


The inlet and exit states are identified as follows: 


T=25°C 
T= 25°C 


Inlet state 1: 
Dead state 2: 


P=0.1 MPa 
P=0.1 MPa 


z= l km 
z = 0 km 


We have assumed that the availability of the water in the reservoir is due entirely to the elevation. Then 


w= g(zı — zo) = (9.8)(1 — 0) = 9.8 kJ/kg 
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7.5 


7.6 


Table 7-5 


Inlet state 1: superheated vapor Inlet state 2: compressed liquid Exit state 3: saturated liquid 


T = 250°C T = 150°C Р = 0.6 MPa 

Р = 0.6 МРа Р = 0.6 МРа Т = 158.9°С 

h = 2957.2 h = 632.2 kJ/kg h = 670.6 kJ/kg 

s = 7.1824 kJ /kg-K s = 1.8422 kJ/kg-K s = 1.9316 kJ/kg-K 


A feedwater heater extracts steam from a turbine at 600 kPa and 250°C which it combines with 
0.3 kg/s of liquid at 600 kPa and 150°C. The exhaust is saturated liquid at 600 kPa. Determine 
the second-law effectiveness of the heater. 


For data, see Table 7-5. By conservation of mass, m; = m, + т». Then, the first law demands 
m3h3 = mh, + тһ. Solving simultaneously for тү and m: 


m, = 0.00504 kg/s тз = 0.305 kg/s 


The second-law effectiveness is ej = V3/(V, + Ù). Taking the dead state as liquid water at 25°C and 
100 kPa, we have 


hg = 105 kJ/kg $9 = 0.3672 kJ /kg-K 
Then 
Y, = [hy — һу — Ту(5з — so)] = (0.305) [670.6 — 105 — 298(1.9316 — 0.3672)] = 30.33 kW 
Y, = [а — ho — To(s; — s9)] = (0.00504) [2957.2 — 105 — 298(7.1824 — 0.3672)] = 4.14 kW 
Y, = [л — hg — To(s; — s9)] = (0.30)[632.2 — 105 — 298(1.8422 — 0.3672)] = 23.63 kW 
and 


30.33 


= —————=——= = 1.09 
4.14 + 23.63 0 


еп 


Consider the ideal refrigeration cycle shown in Fig. 7-4 which utilizes R134a. The condenser 
operates at 800 kPa while the evaporator operates at 120 kPa. Calculate the second-law effec- 
tiveness for the cycle. 


The given values and the R134a tables in Appendix D allow us to set up Table 7-6. 


Он 


P = 800 kPa © 


Condenser 


AP. 


cond - 


0 


Valve Ah 


Q 


0 


valve | 


AS comp = 9 | Compressor comp 


AP, 


evap - 


0 


Evaporator 
Р = 120 kPa 


Q; 


Fig. 7-4 
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Table 7-6 
State h (kJ/kg) 
1 (Saturated liquid phase) 93.42 
2 (Two-phase) 


3 (Saturated vapor phase) 


4 (Superheated phase) 


Now, traversing the cycle, the enthalpy remains constant across a valve, so that л, = № = 30.84 Btu/Ibm. 
State 2 is two-phase, so that 
hy = һр 93.42 — 21.32 
TE — = 
hg = hş 233.9 — 21.32 


= 0.339 


and 


S2 = Sf x(s, — Sp) = 0.0879 + (0.339) (0.9354 — 0.0879) = 0.375 kJ/kg-K 
hy = h p + xh „ = 21.32 + 0.339(212.54) = 93.4 
State 4 results from an isentropic compression across the ideal compressor. At P4 = 800 kPa and s4 = 0.9354 


kJ/kg-K, we interpolate to find h4 = 273 kJ/kg. We now calculate the second-law effectiveness for the cycle 
assuming Ty = 298 K: 


Т 298 
availability produced = (1 - 2) QL = (1 - 5i) (93.4 — 233.9) — 26.3 kJ/kg 
3 
work used = Woomp = h4 — h3 = 273.0 — 233.9 = 39.1 kJ/kg 
26.3 
e, = 20 = 0.673 


Supplementary Problems 
Steam enters a turbine at 6 MPa and 500°C and exits at 100 kPa and 150°C. Determine (a) the reversible 


work and (5) the irreversibility of the process. 


The inlet conditions to an adiabatic steam turbine are 800 psia and 700°F. At the exit the pressure is 30 
psia and the steam has a quality of 93 percent. Determine (a) the irreversibility, (5) the reversible work, and 
(c) the adiabatic efficiency for the turbine. 


A steam turbine with an isentropic efficiency of 85 percent operates between steam pressures of 1500 and 100 
psia. If the inlet steam is at 1000°F, determine the actual work and the second-law efficiency of the turbine. 


What does irreversibility imply about an adiabatic steam turbine which operates with inlet steam at 10 MPa 
and 700°C and exhausts at 0.2 MPa with a quality of 90 percent? 


A designer of gas turbines claims to have developed a turbine which will take hot combustion gases (having 
the properties of air) at 80 psia and 2500^R and exhaust at 14.7 psia and 1200^R. What is the minimum 
amount of heat transfer which must occur for this turbine to be feasible? 


Determine the availability of water in a hot water tank at 100 kPa and 95°C. 


What is the availability of a 2-in? ice cube at 10°F and 14.7 psia? 
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7.14 


7.15 


7.16 


7.17 


7.18 


7.19 


7.20 


7.21 


7.22 


7.23 


7.24 


7.25 


7.26 


7.27 


7.28 


Ideally, which fluid can do more work: air at 600 psia апа 600°F or steam at 600 psia and 600°F? 


A piston-cylinder system with air undergoes a polytropic compression with n = 1.1 from 75°F, 15 psia, and 
0.2 liter to 0.04 liter. Determine (a) actual work, (5) heat transfer, (c) reversible work, and (d) irreversibility. 


Methane gas at 800 K and 3 MPa is contained in a piston-cylinder system. The system is allowed to expand 
to 0.1 MPa in a polytropic process with n — 2.3. What is the second-law efficiency of the process? 


Argon is contained in a sealed tank of 10 liters at 400 psia and 50^F. What is the maximum work the argon 
can do on earth at 536^R? 


A rigid tank initially contains 0.5 Ibm of R134a as saturated liquid at 30 psia. It is then allowed to come to 
equilibrium with its surroundings at 70°F. Determine (a) the final state of the refrigerant and (b) the 
irreversibility. 


Air enters a compressor at 100 kPa and 295 K and exits at 700 kPa and 530 K with 40 kJ/kg of heat transfer 
to the surroundings. Determine (a) reversible work, (b) irreversibility, and (c) second-law efficiency for the 
compressor. 


A compressor with an adiabatic efficiency of 90 percent intakes air at 500°R and 15 psia and exhausts at 120 
psia. Determine (a) the actual work and (b) the reversible work associated with this compressor. 


The evaporator for an air-conditioning system is a heat exchanger. R134a enters at 0.05 kg/s and — 20°C as 
saturated liquid and leaves as saturated vapor. Air enters at 34°C and leaves at 18°C. (a) What is the mass 
flow rate of air? (P) What is the irreversibility rate of the evaporator? 


A direct contact heat exchanger serves as the condenser for a steam power plant. Steam with quality of 50 
percent at 100 kPa flows into the mixing tank at 2 kg/s. Groundwater at 10°C and 100 kPa is available to 
produce saturated liquid flowing out of the mixing tank. The mixing tank is well-insulated. Determine (a) the 
mass flow rate of groundwater required and (0) the irreversibility rate. 


Steam is throttled across an adiabatic valve from 250 psia and 450 °F to 60 psia. Determine (a) the reversible 
work and (5) the irreversibility. 


It has been proposed to utilize a nozzle in conjunction with a wind turbine system. Air enters the adiabatic 
nozzle at 9 m/s, 300 K, and 120 kPa and exits at 100 m/s and 100 kPa. Determine (a) the irreversibility and 
(b) the reversible work. 


In the burner for a gas turbine system 0.2 Ibm/sec of air at 20 psia and 900°R is heated to 2150°R in a 
constant-pressure process while hot combustion gases (assumed to be air) are cooled from 3000^R to 
2400°R. What is the irreversibility rate of this process? 


Saturated water enters an adiabatic pump at 10 kPa and exits at 1 MPa. If the pump has an adiabatic 
efficiency of 95 percent, determine (a) the reversible work and (5) the second-law efficiency. 


The pressure of water is increased, by the use of a pump, from 14 to 40 psia. A rise in the water temperature 
from 60°F to 60.1°F is observed. Determine (a) the irreversibility, (Р) the reversible work, and (c) the 
adiabatic efficiency of the pump. 


Air at 2200^R and 40 psia enters a gas turbine with an adiabatic efficiency of 75 percent and exhausts at 14.7 
psia. Determine (a) the availability of the exhaust air and (5) the reversible work. 
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Answers to Supplementary Problems 


(a) 864.2 kJ/kg (Р) 218.5 kJ/kg 

(а) 17.67 Btu/Ibm (b) 257.6 Btu/lbm (с) 85.1% 
259 Btu/Ibm, 94.2% 

i = — 179 kJ/kg (impossible) 

— 44.3 Btu/Ibm 

29.8 kJ/kg 

0.142 Btu 

Steam (471 Btu/Ibm vs. 77.3 Btu/Ibm) 

(a) —26.64 ft-lbf (b) —0.0257 Btu (c) —25.09 ft-lbf 
65.0% 

89.4 Btu 

(a) compressed Паша (b) 0.463 Btu 

(а) —228 kJ/kg (b) 50.7 kJ/kg (c) 81.8% 

(а) —107.7 Btu/lbm (b) —101.4 Btu/Ibm 

(а) 0.502 kg/s (Р) 1.46 kW 

(a) 6.00 kg/s (b) 261 kW 

(а) 61,940 ft-Ibf/Ibm (b) 61,940 ft-Ibf/Ibm 

(a) 0 kJ/kg (b) 10.33 kJ/kg 

11.3 Btu/sec 

(а) —1.003 kJ/kg (b) 95.5% 

(a) 0.103 Btu/lbm (Р) —0.0739 Btu/lbm (с) 43.6% 
(а) 166 Btu/lbm (b) 110 Btu/Ibm 


(d) 1.55 ft-lbf 


[CHAP. 7 


CHAPTER 8 


Gas Power Cycles 


8.1 INTRODUCTION 


Several cycles utilize a gas as the working substance, the most common being the Otto cycle and the 
diesel cycle used in internal combustion engines. The word "cycle" used in reference to an internal 
combustion engine is technically incorrect since the working fluid does not undergo a thermodynamic 
cycle; air enters the engine, mixes with a fuel, undergoes combustion, and exits the engine as exhaust 
gases. This is often referred to as an open cycle, but we should keep in mind that a thermodynamic cycle 
does not really occur; the engine itself operates in what we could call a mechanical cycle. We do, however, 
analyze an internal combustion engine as though the working fluid operated on a cycle; it is an approx- 
imation that allows us to predict influences of engine design on such quantities as efficiency and fuel 
consumption. 


82 GAS COMPRESSORS 


We have already utilized the gas compressor in the refrigeration cycles discussed earlier and have 
noted that the control volume energy equation relates the power input to the enthalpy change as follows: 
Weomp = mh, = h;) (8.1) 
where h, and h; are the exit and inlet enthalpies, respectively. In this form we model the compressor as а 
fixed volume into which and from which a gas flows; we assume that negligible heat transfer occurs from 
the compressor and ignore the difference between inlet and outlet kinetic and potential energy changes. 
There are three general types of compressors: reciprocating, centrifugal, and axial-flow. Reciprocat- 
ing compressors are especially useful for producing high pressures, but are limited to relatively low flow 
rates; upper limits of about 200 MPa with inlet flow rates of 160 m/min are achievable with a two-stage 
unit. For high flow rates with relatively low pressure rise, a centrifugal or axial-flow compressor would 
be selected; a pressure rise of several MPa for an inlet flow rate of over 10000 m?/min is possible. 


The Reciprocating Compressor 


A sketch of the cylinder of a reciprocating compressor is shown in Fig. 8-1. The intake and exhaust 
valves are closed when state 1 is reached, as shown on the P-v diagram of Fig. 8-2a. An isentropic 
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1. ЖЕ 
1--2 1, th 4—1 
| | 
(b) (c) 


(а) (d) (e) 


Fig. 8-1 А reciprocating compressor. 


PI © P 
U U 
(a) The ideal cycle (b) The actual cycle 


Fig. 8-2 The P-v diagram. 


compression follows as the piston travels inward until the maximum pressure at state 2 1s reached. The 
exhaust valve then opens and the piston continues its inward motion while the air is exhausted until state 
3 is reached at top dead center. The exhaust valve then closes and the piston begins its outward motion 
with an isentropic expansion process until state 4 1s reached. At this point the intake valve opens and the 
piston moves outward during the intake process until the cycle is completed. 

During actual operation the P-v diagram would more likely resemble that of Fig. 8-25. Intake and 
exhaust valves do not open and close instantaneously, the airflow around the valves results in pressure 
gradients during the intake and exhaust strokes, losses occur due to the valves, and some heat transfer 
may take place. The ideal cycle does, however, allow us to predict the influence of proposed design 
changes on work requirements, maximum pressure, flow rate, and other quantities of interest. 

The effectiveness of a compressor is partially measured by the volumetric efficiency, which 1s defined 
as the volume of gas drawn into the cylinder divided by the displacement volume. That is, referring to 
Fig. 8-2, 


V — V, 


— 8.2 
уу, (8.2) 


Tol = 


The higher the volumetric efficiency the greater the volume of air drawn in as a percentage of the 
displacement volume. This can be increased if the clearance volume V3 is decreased. 

To improve the performance of the reciprocating compressor, we can remove heat from the com- 
pressor during the compression process 1 — 2. The effect of this is displayed in Fig. 8-3, where a 
polytropic process is shown. The temperature of state 2’ would be significantly lower than that of 
state 2 and the work requirement for the complete cycle would be less since the area under the P-v 
diagram would decrease. To analyze this situation let us return to the control volume inlet-outlet 
description, as used with (8./): The required work is, for an adiabatic compressor, 


Ucomp = hy — h; = C,(T; = Ti) (8.3) 
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Isentropic: n = k 
0-0 


\ Polytropic 
0<0 


Fig. 8-3 Removal of heat during compression. 


assuming an ideal gas with constant specific heat. For an isentropic compression between inlet and outlet 


we know that 
p 0A 
Т» = Т, (2) (8.4) 


This allows the work to be expressed as, using C, given in (4.30), 


ay 5 


For a polytropic process we simply replace k with n and obtain 


P, (n— 1)/п 
(ғ) — 1 (8.6) 
The heat transfer is then found from the first law. 

By external cooling, with a water jacket surrounding the compressor, the value of n when compres- 
sing air can be reduced to about 1.35. This reduction from 1.4 is difficult since heat transfer must occur 
from the rapidly moving air through the compressor casing to the cooling water, or from fins. This is an 
ineffective process, and multistage compressors with interstage cooling are often a desirable alternative. 
With a single stage and with a high P, the outlet temperature Т» would be too high even if n could be 
reduced to, say, 1.3. 

Consider a two-stage compressor with a single intercooler, as shown in Fig. 8-4a. The compression 
processes are assumed to be isentropic and are shown in the T-s and P-v diagrams of Fig. 8-4р. 


Referring to (8.5), the work is written as 
P, (k—1)/k 
CT; | | — — 1 
Soe? G J 


(к 1)/k (k— 1)/k 
P P. 


where we have used P, = Р; and T, = Т», for an ideal intercooler. To determine the intercooler pressure 
P; that minimizes the work, we let Owcomp/OP = 0. This gives 

P, B, 
Р, В, 


kR 
Weomp = k—1 T, 


nR 


Weomp = 7 1 


P= (PP)? or (8.8) 
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Fig. 8-4 A two-stage compressor with an intercooler. 


That is, the pressure ratio is the same across each stage. If three stages were used, the same analysis 
would lead to a low-pressure intercooler pressure of 


Р, = (PLE) (8.9) 
апа a high-pressure intercooler pressure of 
Py = (PLP) (8.10) 


where Pg is the highest pressure. This is also equivalent to equal pressure ratios across each stage. 
Additional stages may be necessary for extremely high outlet pressures; an equal pressure ratio across 
each stage would yield the minimum work for the ideal compressor. 


Centrifugal and Axial-Flow Compressors 


A centrifugal compressor is sketched in Fig. 8-5. Air enters along the axis of the compressor and is 
forced to move outward along the rotating impeller vanes due to the effects of centrifugal forces. This 
results in an increased pressure from the axis to the edge of the rotating impeller. The diffuser section 
results in a further increase in the pressure as the velocity is reduced due to the increasing area in each 
subsection of the diffuser. Depending on the desired pressure-speed characteristics, the rotating impel- 
ler can be fitted with radial impeller vanes, as shown; with backward-curved vanes; or with forward- 
curved vanes. 

An axial-flow compressor is illustrated in Fig. 8-6. It is similar in appearance to the steam turbine 
used in the Rankine power cycle. Several stages of blades are needed to provide the desired pressure 
rise, with a relatively small rise occurring over each stage. Each stage has a stator, a series of blades 
that are attached to the stationary housing, and a rotor. All the rotors are attached to a common 
rotating shaft which utilizes the power input to the compressor. The specially designed airfoil-type 
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Fig. 8-5 A centrifugal compressor. 


flow area 


Fig. 8-6 Ап axial-flow compressor. 


blades require extreme precision in manufacturing and installation to yield the maximum possible 
pressure rise while avoiding flow separation. The area through which the air passes decreases slightly 
as the pressure rises due to the increased density in the higher-pressure air. In fluid mechanics the 
velocity and pressure at each stage can be analyzed; in thermodynamics we are concerned only with 
inlet and outlet conditions. 


180 GAS POWER CYCLES [CHAP. 8 


EXAMPLE 8.1 А reciprocating compressor is to deliver 20 kg/min of air at 1600 kPa. It receives atmospheric air 
at 20°C. Calculate the required power if the compressor is assumed to be 90 percent efficient. No cooling is assumed. 
Solution: The efficiency of the compressor is defined as 
isentropic work _ hy — hı 
actual work ^ hy — hy 


T] = 


where state 2 identifies the actual state reached and state 2’ is the ideal state that could be reached with no losses. 
Let us find the temperature Т, first. It is 


(к= 1)/k (1.4-1)/1.4 
Р. 16 
Т» - Ті = (2) = (293) ЕЗ = 647K 


Using the efficiency, we have 


С,(Т, = Ti) 


1 1 
COME EE Шу e Th —(Т» — Тү) = 29 — | (647 — 293) = 686 K 
СЪ) or 2 ПЕ A 2 1) 3r (55) 3) 6 


The power required to drive the adiabatic compressor (no cooling) is then 


і 2 
Weomp = (h — hy) = mC,(T, — Т) = ($5) (1.006) (686 — 293) = 131.9kW 


EXAMPLE 8.2 Suppose that, for the compressor of Example 8.1, it is decided that because 7» is too high, two 
stages with an intercooler are necessary. Determine the power requirement for the proposed two-stage adiabatic 
compressor. Assume 90 percent efficiency for each stage. 

Solution: The intercooler pressure for minimum power input is given by (8.8) as Р = ҮРІР,- 
/(100)(1600) = 400 kPa. This results in a temperature entering the intercooler of 


(1.4—1)/1.4 0.2857 
Р, 400 
= = 293| — = 435 К 
5 (9) 2 E ; 


Since T, = T, and P,/ P4 = P;/ P,, we also have Ty = (293)(400/100)°78°’ = 435 К. Considering the efficiency 
of each stage allows us to find 


1 1 
T, = T, + - (Ty — Т) = 293 + (=) (435 — 293) = 451 К 
T] А 
This will also be the exiting temperature Ty. Note the large reduction from the single-stage temperature of 
686 K. Assuming no heat transfer in the compressor stages, the power necessary to drive the compressor is 


Weomp = тСЬ(Т» — Т) + mC, (Ty — Ts) = (4) x (1.00)(451 — 293) + ($5) cs — 293) = 105 kW 


This is a 20 percent reduction in the power requirement. 


8.3 THE AIR-STANDARD CYCLE 


In this section we introduce engines that utilize a gas as the working fluid. Spark-ignition engines 
that burn gasoline and compression-ignition (diesel) engines that burn fuel oil are the two most common 
engines of this type. 

The operation of a gas engine can be analyzed by assuming that the working fluid does indeed go 
through a complete thermodynamic cycle. The cycle is often called an air-standard cycle. All the air- 
standard cycles we will consider have certain features in common: 


e Air is the working fluid throughout the entire cycle. The mass of the small quantity of injected 
fuel is negligible. 
e There is no inlet process or exhaust process. 
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e The combustion process is replaced by a heat transfer process with energy transferred from an 
external source. It may be a constant-volume process or a constant-pressure process, or a 
combination. 

e The exhaust process, used to restore the air to its original state, is replaced with heat transfer to 
the surroundings. 

e All processes are assumed to be in quasiequilibrium. 

e The air is assumed to be an ideal gas with constant specific heats. 


A number of the engines we will consider make use of a closed system with a piston-cylinder 
arrangement, as shown in Fig. 8-7. The cycle shown on the P-v and T-s diagrams in the figure is 
representative only. The diameter of the piston is called the bore, and the distance the piston travels 
in one direction is the stroke. When the piston is at top dead center (TDC), the volume occupied by the 
air in the cylinder is at a minimum; this volume is the clearance volume. When the piston moves to 
bottom dead center (BDC), the air occupies the maximum volume. The difference between the maximum 
volume and the clearance volume is the displacement volume. The clearance volume is often implicitly 
presented as the percent clearance c, the ratio of the clearance volume to the displacement volume. The 
compression ratio r is defined to be the ratio of the volume occupied by the air at BDC to the volume 
occupied by the air at TDC, that is, referring to Fig. 8-7, 


r= 
У 


(8.11) 


The mean effective pressure (MEP) is another quantity that is often used when rating piston-cylinder 
engines; it is the pressure that, if acting on the piston during the power stroke, would produce an amount 
of work equal to that actually done during the entire cycle. Thus, 


Weycte = (MEP)(Vapc = Утрс) (8.12) 


In Fig. 8-7 this means that the enclosed area of the actual cycle is equal to the area under the MEP 
dotted line. 


Fig. 8-7 А piston-cylinder engine. 
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EXAMPLE 8.3 Ап engine operates with air on the cycle shown in Fig. 8-7 with isentropic processes 1 — 2 and 
3 — 4. If the compression ratio is 12, the minimum pressure is 200 kPa, and the maximum pressure is 10 MPa 
determine (a) the percent clearance and (b) the MEP. 

Solution: 

(a) The percent clearance is given by 


V5 


= 100 
Doy ime v; ) 
But the compression ratio is r = Vj; / = 12. Thus, 
m ү» _ 100 _ A 


(b) To determine the MEP we must calculate the area under the P-V diagram; this is equivalent to 
calculating the work. The work from 3 — 4 is, using PV‘ = С, 


aV C Р.М, — P4V- 
а= [рас] = Ка „ "= 


V l-k l-k 
where C = Ру = P,VÍ. But we know that V,/V3 = 12, so 
V3 
W3_4 = ——(12P, — P. 
3-4 = pg r — Pa) 


Likewise, the work from 1 — 2 is 


ү. 
Whoo = Ter EIE 


Since no work occurs in the two constant-volume processes, we find, using V; = V3, 


ME 
1—k 


The pressures P; and Р; are found as follows: 


Weycle = (12Р; — P, + Р, – 12P1) 


V k V k 1 1.4 
Р», = Р, (2) = (200)(12)!* = 1665 kPa P4 = P, (2) = (10000) (в) - 308 КРа 


whence 


Wage = — [(12)(308) — 10000 + 1665 — (12)(200)] = 20 070V 


But Weycie = (MEP)(V; — V2) = (MEP) (12V, — №); equating the two expressions yields 


20070 


МЕР = = 1824КРа 


8.4 THE CARNOT CYCLE 


This ideal cycle was treated in detail in Chapter 5. Recall that the thermal efficiency of a Carnot engine, 


Nearnot = 5 — 7 (8.13) 


exceeds that of any real engine operating between the given temperatures. 


85 THE OTTO CYCLE 


The four processes that form the cycle are displayed in the 7-s and P-v diagrams of Fig. 8-8. The 
piston starts at state 1 at BDC and compresses the air until it reaches TDC at state 2. Combustion then 
occurs, resulting in a sudden jump in pressure to state 3 while the volume remains constant (this 
combustion process is simulated with a quasiequilibrium heat addition process). The process that follows 
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9 © 


Fig. 8-8 The Otto cycle. 


is the power stroke as the air (simulating the combustion products) expands isentropically to state 4. In 
the final process heat transfer to the surroundings occurs and the cycle is completed. The spark-ignition 
engine is modeled with this Otto cycle. 
The thermal efficiency of the Otto cycle is found from 
и Wnet < Qi, 22 дош 


==] Qout 

Qin Qin Qin 
Noting that the two heat transfer processes occur during constant-volume processes, for which the work 
is zero, there results 


(8.14) 


Qin = ri C, (T; — 7.) Ооа = CT, — Т) (8.15) 
where we have assumed each quantity to be positive. Then 
Toc 
-1- 8.16 
n T-T, (8.16) 
This can be written as 
T, T/T, — 1 
mde ые (8.17) 
D ned 


For the isentropic processes we have 


T. ye T. y 
cmq and Sep (8.18) 
Т V, Т, \% 

But, using V; = V4 and V; = V5, we see that 


Ош ЫЎ (8.19) 


Thus, (8.17) gives the thermal efficiency as 


k-1 
,-1-2-1-(4) ME (8.20) 
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We see, then, that the thermal efficiency in this idealized cycle is dependent only on the compression ratio r; 
the higher the compression ratio, the higher the thermal efficiency. 


EXAMPLE 8.4 A spark-ignition engine is proposed to have a compression ratio of 10 while operating with a 
low temperature of 200°C and a low pressure of 200 kPa. If the work output is to be 1000 kJ/kg, calculate the 
maximum possible thermal efficiency and compare with that of a Carnot cycle. Also calculate the MEP. 
Solution: The Otto cycle provides the model for this engine. The maximum possible thermal efficiency for 
the engine would be 
1 1 


del crede exc шо 


Since process 1 — 2 is isentropic, we find that 


k-1 
D (2) = (473)(10)°* = 1188K 


The net work for the cycle is given by 


Wet = Wi-2+ 453-3 + w34 + 484-1 = с (Т — D) нс, ( — Ta) or 
1000 = (0.717)(473 — 1188 + T; — T4) 


But, for the isentropic process 3 — 4, 


k-1 
pq (3) muc. 
3 
Solving the last two equations simultaneously, we find Т; = 3508 К and Т; = 1397 К, so that 
Т, 473 
amot = |] — = = 1 — zzz = 0.865 86.5% 
Tlcarnot 1а 3508 0 ог 5 % 


The Otto cycle efficiency is less than that of a Carnot cycle operating between the limiting temperatures because 
the heat transfer processes in the Otto cycle are not reversible. 
The MEP is found by using the equation 


Wnet = (MEP) (vı zi v5) 
We have 


_ RT, (0287473) | 7 Ж 
gem ра» 200 = 0.6788 m"/kg and о = — 


Thus 


Weer 1000 
Edo mene OSES MM MURUS 


8.6 THE DIESEL CYCLE 


If the compression ratio is large enough, the temperature of the air in the cylinder when the piston 
approaches TDC will exceed the ignition temperature of diesel fuel. This will occur if the compression 
ratio is about 14 or greater. No external spark is needed; the diesel fuel is simply injected into the 
cylinder and combustion occurs because of the high temperature of the compressed air. This type of 
engine is referred to as a compression-ignition engine. The ideal cycle used to model the compression- 
ignition engine is the diesel cycle, shown in Fig. 8-9. The difference between this cycle and the Otto cycle 
is that, in the diesel cycle, the heat is added during a constant-pressure process. 

The cycle begins with the piston at BDC, state 1; compression of the air occurs isentropically to state 
2 at TDC; heat addition takes place (this models the injection and combustion of fuel) at constant 
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Fig. 8-9 The diesel cycle. 


pressure until state 3 is reached; expansion occurs isentropically to state 4 at BDC; constant volume heat 
rejection completes the cycle and returns the air to the original state. Note that the power stroke includes 
the heat addition process and the expansion process. 

The thermal efficiency of the diesel cycle is expressed as 


Wie =] д 


n= = (8.21) 
Qin Qin 
For the constant-volume process and the constant-pressure process 
Осы = m C,(T, = T) Оһ = m C „(Т um Т) (8.22) 
The efficiency is then 
T4 — T; ТА Т, 
T] == 1 Col ш 1) = 1 4 1 (8.23) 
Cou) k(T; — 7;) 
This can be put in the form 
qo duque] 
= 1 2 
J КТ» nul 1222) 


This expression for the thermal efficiency is often written in terms of the compression ratio ғ and the 
cutoff ratio ғ. which is defined as V3/ V»; there results 


1 4—1 


pu (8.25) 


From this expression we see that, for a given compression ratio r, the efficiency of the diesel cycle is less 
than that of an Otto cycle. For example, ifr = 10 andr, = 2, the Otto cycle efficiency is 60.2 percent and 
the diesel cycle efficiency is 53.4 percent. As r, increases, the diesel cycle efficiency decreases. In practice, 
however, a compression ratio of 20 or so can be achieved in a diesel engine; using r — 20 and r, — 2, we 
would find 7 = 64.7 percent. Thus, because of the higher compression ratios, a diesel engine typically 
operates at a higher efficiency than a gasoline engine. 

The decrease in diesel cycle efficiency with an increase in ғ, can also be observed by considering the 
T-s diagram shown in Fig. 8-10. If we increase r,, the end of the heat input process moves to state 3’. The 
increased work output is then represented by area 3—3' — 4' — 4 — 3. The heat input increases consider- 
ably, as represented by area 3—3'—a— b —3. The net effect is a decrease in cycle efficiency, caused 
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Fig. 8-10 Тһе diesel cycle with increased cutoff ratio. 


obviously by the convergence of the constant-pressure and constant-volume lines on the 7-s diagram. 
For the Otto cycle note that two constant-volume lines diverge, thereby giving an increase in cycle 
efficiency with increasing 7». 


EXAMPLE 8.5 A diesel cycle, with a compression ratio of 18, operates on air with a low pressure of 200 kPa 

and a low temperature of 200°C. If the work output is 1000 kJ/kg, determine the thermal efficiency and the 

MEP. Also, compare with the efficiency of an Otto cycle operating with the same maximum pressure. 
Solution: The cutoff ratio r, is found first. We have 


RT,  (0287)(473) 


С 200 = 0.6788 m7/kg and v, = 01/18 = 0.03771 ш/о 
Since process 1 — 2 is isentropic, we find 
k-1 k 
бе (2) = (473)(18)%* = 1503K апа P, = Р, (2) = (200)(18)'* = 11.44 MPa 
U2 12 


The work for the cycle is given by 


Wnet = net = 42-3 + 94-1 = C,(T3 ^5 Tə) ar C,(T; = T4) 
1000 = (1.00)(7; — 1503) + (0.717)(473 — T4) 


For the isentropic process 3 — 4 and the constant-pressure process 2 — 3, we have 


k-1 
U3 U3 0.4 Т» Т, 1503 
Ту Ту e p e = = = 3986 
i (2) ace v v 003771 уде 


The last three equations сап be combined to yield 
1000 = (1.00) (39 860v, — 1503) + (0.717)(473 — 4654041) 


This equation is solved by trial and error to give 


v = 0.0773 m/kg с. Ty = 3080K T, = 1290K 
This gives the cutoff ratio as ғ, = 93/1 = 2.05. The thermal efficiency is now calculated as 
NC] ETATS аа 
=1 e =1 = 0.629 2.99 
| п, — 1) (18)°4 (1.4)(2.05 — 1) Ооо е 


Also, MEP = wg4/(v — v2) = 1000/(0.6788 — 0.0377) = 641 kPa. 
For the comparison Otto cycle, 
0.6788 


1 
Гоно = 0/03 = 0.0773 = 8.78 Notto = 1- mz = 0.581 ог 58.1% 
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v = const. 


Fig. 8-11 The dual cycle. 


8.7 THE DUAL CYCLE 


An ideal cycle that better approximates the actual performance of a compression-ignition engine is 
the dual cycle, in which the combustion process is modeled by two heat-addition processes: a constant- 
volume process and a constant-pressure process, as shown in Fig. 8-11. The thermal efficiency is found 
from 


(le (8.26) 
Qin 
where 
Озы = mC, (Ts — Т) Qin = mC, (Ts — Tz) + aC, (Ts — Ts) (8.27) 
Hence, we have 
T; — Ti 
= 1 8.28 
" T: — T, + k4 — T) (9:40) 
If we define the pressure ratio r, = Р/Р, the thermal efficiency can be expressed as 
1 Ё — 1 
n=l "Р (8.29) 


olkrj(re-1)+r,—-1 


If we let r, = 1, the diesel cycle efficiency results; if we let r, = ғ, = 1, the Otto cycle efficiency results. If 
гь > 1, the thermal efficiency will be less than the Otto cycle efficiency but greater than the diesel cycle 


efficiency. 


EXAMPLE 8.6 A dual cycle, which operates on air with a compression ratio of 16, has a low pressure of 
200 kPa and a low temperature of 200°C. If the cutoff ratio is 2 and the pressure ratio is 1.3, calculate the 
thermal efficiency, the heat input, the work output, and the MEP. 

Solution: By (8.29), 


E (1.3)(2)"4 — 1 
"-1- ng" ü330-1713-1 


= 0.622 or 62.2% 
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The heat input is found from qin = C,(T; — To) + C,(T4 — T3), where 
k-1 
P. 
T, = T, (3) = (473)(16)°* = 1434K T; = 7. = (1434)(1.3) = 1864K 
D 2 


I n = (1864)(2) = 3728K 


Thus, gin = (0.717)(1864 — 1434) + (1.00)(3728 — 1864) = 2172 kJ/kg. The work output is found from 
шош = di = (0.622)(2172) = 1350 kJ/kg 
Finally, since 
RT,  (0.287)(473) 


= = = 0.6788 m?/k 
vi P, 200 0.6788 m"/kg 


we have 


Wout 1350 
MEP = = = 2120 КР 
vi(1 — v/v) (0:6788)(15/16) i 


8.88 THE STIRLING AND ERICSSON CYCLES 


The Stirling and Ericsson cycles, although not extensively used to model actual engines, are presented to 
illustrate the effective use of a regenerator, a heat exchanger which utilizes waste heat. A schematic diagram is 
shown in Fig. 8-12. Note that for both the constant-volume processes of the Stirling cycle (Fig. 8-13) and the 
constant-pressure processes of the Ericsson cycle (Fig. 8-14) the heat transfer qy_3 required by the gas is 
equal in magnitude to the heat transfer q4. , discharged by the gas. 

This suggests the use of a regenerator that will, internally to the cycle, transfer the otherwise wasted 
heat from the air during the process 4 — 1 to the air during the process 2 — 3. The net result of this is 
that the thermal efficiency of each of the two ideal cycles shown equals that of a Carnot cycle operating 
between the same two temperatures. This is obvious because the heat transfer in and out of each cycle 
occurs at constant temperature. Thus, the thermal efficiency is 


g21—- (8.30) 


Note that the heat transfer (the purchased energy) needed for the turbine can be supplied from 
outside an actual engine, that is, external combustion. Such external combustion engines have lower 
emissions but have not proved to be competitive with the Otto and diesel cycle engines because of 
problems inherent in the regenerator design and the isothermal compressor and turbine. 


Regenerator 
© ® 


Isothermal : Isothermal 
compressor Qu i turbine 
ou 


Fig. 8-12 The components of the Stirling and Ericsson cycles. 
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© 


T = const. 


v = const. 


U 


Fig. 8-13 The Stirling cycle. 


P = const. 


Fig. 8-14 Тһе Ericsson cycle. 


EXAMPLE 8.7 A Stirling cycle operates on air with a compression ratio of 10. If the low pressure is 30 psia, 
the low temperature is 200 °F, and the high temperature is 1000 ^F, calculate the work output and the heat input. 
Solution: For the Stirling cycle the work output is 


Wout = W3_4 + wi 5 = RT; In “4 + RT, In 2 = (53.3)(1460 In 10 + 660 In 0.1) = 98,180 ft-Ibf/Ibm 
U3 vı 


where we have used (4.36) for the isothermal process. Consequently, 


“== l= i = || ко = 0.548 din = Wout _ 98,180/778 


3 2 = 230 Btu/Ib 
ТА 1460 n 0.548 Зоров 


EXAMPLE 8.8 Ар Ericsson cycle operates on air with a compression ratio of 10. For а low pressure of 200 kPa, 
a low temperature of 100°C, and a high temperature of 600°C, calculate the work output and the heat input. 
Solution: For the Ericsson cycle the work output is 


05) U4 
Wout = Ш1—2 + 92-3 + W3-4 + W4-, = RT In mb Px(v3 = v2) + RT; In a Pj(vi = v4) 
1 3 
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We must calculate P5, v1, v2, v, and v4. We know 


_ RT, _ (0.287)(373) | 5 
v= B 200 = 0.5353 m" /kg 


ICT ОЗ IA 


= en. 3 
ПИШ v, 0.5353 чеп ы 


From the definition of the compression ratio, 9/92 = 10, giving v; = 0.1253 m? /kg. Using the ideal-gas law, we 
have 


RT, (0.287)(373) 
pp = = 854.4 kP 
SSA ees 0.1253 ча 
The final necessary property is ъз = RT;/ P; = (0.287)(873)/854.4 = 0.2932 m?/kg. The expression for work 


output gives 


0.1253 
= (0.287)(373) In 22225 + (854.4)(0.2932 — 0.125 
Wou = (0.287)(373) In C555 + (854.4)(0.2932 — 0.1253) 
1.253 
+0.287 x 873 In + (200)(0.5353 — 1.253) = 208 kJ/kg 
0.2932 
Finally, 
т. 378 Wout 208 
= у Е ЕЕ р к= ш КЕ ШЕСЕ 
9 zm ЕТЕ етіс pags EL ES 


8.9 THE BRAYTON CYCLE 


The gas turbine is another mechanical system that produces power. It may operate on an open cycle 
when used as an automobile or truck engine, or on a closed cycle when used in a nuclear power plant. In 
open cycle operation, air enters the compressor, passes through a constant-pressure combustion cham- 
ber, passes through a turbine, and then exits as products of combustion to the atmosphere, as shown in 
Fig. 8-15a. In closed cycle operation the combustion chamber is replaced with a heat exchanger in which 
energy enters the cycle from some exterior source; an additional heat exchanger transfers heat from the 
cycle so that the air is returned to its initial state, as shown in Fig. 8-155. 


Q 


Compressor 


Products of 
Combustion 


(a) Open Cycle (5) Closed Cycle 


Fig. 8-15 The Brayton cycle components. 
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Р = const. 


v 5 


Fig. 8-16 Тһе Brayton cycle. 


The ideal cycle used to model the gas turbine is the Brayton cycle. It utilizes isentropic compression 
and expansion, as indicated in Fig. 8-16. The efficiency of such a cycle is given by 


sut = 1 С,(7; = T) ex] Ti Т/Т — 1 (8 31) 
Qin C,(T3 КМ T;) Т, T;/T) = 1 : 


n=1 


Using the isentropic relations 
Р, : ү Р, а aye" ui 


and observing that P; — P; and P, — P4, we see that 


h T Te T 
ae or xm ce (8.33) 
T T Т D 


Hence, the thermal efficiency can be written as 


T p \ 10/6 
n=1— z1- (2) (8.34) 
Т, 


In terms of the pressure ratio ғ, = Р/Р the thermal efficiency is 
n= 1 -— r} -9% (8.35) 


Of course, this expression for thermal efficiency was obtained using constant specific heats. For more 
accurate calculations the gas tables should be used. 

In an actual gas turbine the compressor and the turbine are not isentropic; some losses do occur. 
These losses, usually in the neighborhood of 85 percent, significantly reduce the efficiency of the gas 
turbine engine. 

Another important feature of the gas turbine that seriously limits thermal efficiency is the high work 
requirement of the compressor, measured by the back work ratio Weomp ГЖ: The compressor may 
require up to 80 percent of the turbine’s output (a back work ratio of 0.8), leaving only 20 percent for net 
work output. This relatively high limit is experienced when the efficiencies of the compressor and turbine 
are too low. Solved problems illustrate this point. 
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EXAMPLE 8.9 Air enters the compressor of a gas turbine at 100 kPa and 25°C. For a pressure ratio of 5 and a 
maximum temperature of 850°C determine the back work ratio and the thermal efficiency using the Brayton cycle. 
Solution: To find the back work ratio we observe that 
Ucomp = с,(Т7, Зы Ti) = Т, ж. Т, 


Шань С (Т; = T4) EN Т, — T4 


The temperatures are Т = 298 К, Т = 1123 К, and 
р,\ = D/k P,\ -Dk 0.2857 
Т = Т (2) = (298)(5)?5?7 = 472.0 K Т, = Т; (ж) = (1123) Ө = 709.1К 
1 


The back work ratio is then 


Шсотр _ 472.0 — 298 
Wauw 1123 — 709 


The thermal efficiency is n = 1 — r'~)/* = 1 — (5) 9297 = 0.369 (36.9%). 


= 0.420 or 42.0% 


EXAMPLE 8.10 Assume the compressor and the gas turbine in Example 8.9 both have an efficiency of 80 percent. 
Using the Brayton cycle determine the back work ratio and the thermal efficiency. 
Solution: We can calculate the quantities asked for if we determine Woomp, ші and gin. The compressor 
work is 
Шсотр, s C 


comp — = ? (Ty Ti) 
Tlcomp "сотр 


ш 


Where Weomp,s is the isentropic work. Ту is the temperature of state 2' assuming an isentropic process; state 2 is 
the actual state. We then have, using Т, = Т, from Example 8.9, 
il; 
Una = (5%) (472 — 298) = 217.5 kJ/kg 

Likewise, there results wit = Murb Wturb, s = Murb Cp(T3 — T4) = (0.8)(1.00) (1123 — 709.1) = 331.1 kJ/kg, where 
Ty = Ту is calculated in Example 8.9. State 4’ is the isentropic state and state 4 is the actual state. The back work 
ratio is then 

hoop ОТЫЗ 

—— = —— = 0.657 65.7% 

о. 
The heat transfer input necessary in this cycle is qin = h3 — hy = C,(T; — Т), where T; is the actual temperature 
of the air leaving the compressor. It is found by returning to the compressor: 


ions = Cp — Т) 217.5 = (1.00)(Т, — 298) ПЕКО 
Thus, gin = (1.00)(1123 — 515.5) = 607.5 kJ/kg. The thermal efficiency of the cycle can then be written as 


Wnet Шашы — Weomp 331.1 — 217.5 
= = = = 0.187 18.79 
Ü Tin din 607.5 0 Ор A% 


8.10 THE REGENERATIVE GAS-TURBINE CYCLE 


The heat transfer from the simple gas-turbine cycle of the previous section is simply lost to the 
surroundings—either directly, with the products of combustion, or from a heat exchanger. Some of this 
exit energy can be utilized since the temperature of the flow exiting the turbine is greater than the 
temperature of the flow entering the compressor. A counterflow heat exchanger, a regenerator, is 
used to transfer some of this energy to the air leaving the compressor, as shown in Fig. 8-17. For an 
ideal regenerator the exit temperature Т; would equal the entering temperature 75; and, similarly, 7, 
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Regenerator 


Products of © 
combustion 


Wout 
Compressor eo 


Fig. 8-17 The regenerative Brayton cycle. 


would equal 7%. Since less energy is rejected from the cycle, the thermal efficiency is expected to increase. 
It is given by 
n= Wturb — Weomp (8.36) 
din 
Using the first law, expressions for qin and wy are found to be 
din — С,(7; = Ti) Wturb = С,(7, = Ts) (8.37) 


Hence, for the ideal regenerator in which 7; = T5, qin = шь and the thermal efficiency can be 
written as 


ш cem Ti D/T -1 
EE comp __ 1 2 1 ж. 1 42/41 8.38 
E Uturb Т, — Ts Т, 1 — Т/Т; ( ) 
Using the appropriate isentropic relation, this can be written in the form 
PY. T, (Р/Р) 0/0 — 1 BE Ti (k-1)/k (8.39) 
Mrs Т, (K-D/k — T, P ; 
4 1—(Р,/Р,) 4 


Note that this expression for thermal efficiency is quite different from that for the Brayton cycle. For 
a given pressure ratio, the efficiency increases as the ratio of minimum to maximum temperature 
decreases. But, perhaps more surprisingly, as the pressure ratio increases the efficiency decreases, an 
effect opposite to that of the Brayton cycle. Hence it is not surprising that for a given regenerative 
cycle temperature ratio, there is a particular pressure ratio for which the efficiency of the Brayton 
cycle will equal the efficiency of the regenerative cycle. This is shown for a temperature ratio of 0.25 
in Fig. 8-18. 
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Regenerative 
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T,/T,= 0.25 


Brayton 


0.25 cycle 


Fig. 8-18 Efficiencies of the Brayton and regenerative cycles. 


In practice the temperature of the air leaving the regenerator at state 3 must be less than the 
temperature of the air entering at state 5. Also, Т; > Т». The effectiveness, or efficiency, of a regenerator 
is measured by 


h3 — hy 
Тер = hs — h> (8.40) 
This is equivalent to 
Т; - 7, 
Тев = ТЛЕ (8.41) 


if we assume an ideal gas with constant specific heats. Obviously, for the ideal regenerator T4 = T; and 
ер — 1. Regenerator efficiencies exceeding 80 percent are common. 


EXAMPLE 8.11 Add an ideal regenerator to the gas-turbine cycle of Example 8.9 and calculate the thermal 
efficiency and the back work ratio. 
Solution: The thermal efficiency is found using (8.39): 


(k-1)/k 
Tı (Р. 298 
п=1- = (2) =1— (=) (5)°°8°7 — 0.580 or 58.0% 


This represents a 57 percent increase in efficiency, a rather large effect. Note that, for the information given, the 
back work ratio does not change; hence, Weomp/Wturp = 0.420. 


811 THE INTERCOOLING, REHEAT, REGENERATIVE GAS-TURBINE CYCLE 


In addition to the regenerator of the previous section there are two other common techniques for 
increasing the thermal efficiency of the gas-turbine cycle. First, an intercooler can be inserted into the 
compression process; air is compressed to an intermediate pressure, cooled in an intercooler, and then 
compressed to the final pressure. This reduces the work required for the compressor, as was discussed in 
Sec. 8.2, and it reduces the maximum temperature reached in the cycle. The intermediate pressure is 
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Fig. 8-19 The Brayton cycle with regeneration and reheat. 


determined by equating the pressure ratio for each stage of compression; that is, referring to Fig. 8.19 


[see (8.8)], 
DOM (842) 
Р B 


The second technique for increasing thermal efficiency is to use a second combustor, called a 
reheater. The intermediate pressure is determined as in the compressor; we again require that the ratios 
be equal; that is, 

Pi Р, 
быш ЕВ (8.43) 
P, B 
Since Py = P, and Ps = P4, we see that the intermediate turbine pressure is equal to the intermediate 
compressor pressure for our ideal-gas turbine. 

Finally, we should note that intercooling and reheating are never used without regeneration. In fact, 

if regeneration is not employed, intercooling and reheating reduce the efficiency of a gas-turbine cycle. 


EXAMPLE 8.12 Add an ideal intercooler, reheater, and regenerator to the gas-turbine cycle of Example 8.9 
and calculate the thermal efficiency. Keep all given quantities the same. 
Solution: The intermediate pressure is found to be P; = yP, Py = y (100)(500) = 223.6 kPa. Hence, for 


the ideal isentropic process, 
(k—1)/k 0.2857 
Р. 223.6 
Т» = Т (2) = (298) (=) = 375.0K 


The maximum temperature T; = Тұ = 1123 К. Using P; = Р, and Р, = P4, we һауе 


(k—1)/k 0.2857 
P 223. 
T, = T; (ғ) = (1123) (Se) = 892.3K 
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Now all the temperatures in the cycle are known (see Fig. 8-19) and the thermal efficiency can be calculated as 


~ Wout aa Wturb — Ucomp = C, (Ts = T;) 3F C, (Ts Ty) С,(Т Ti) с,(Т, T;) 


din qc + dn C,(Ts — Ts) + C, (Ts — T7) 
230.7 + 230.7 — 77.0 — 77.0 
= = 0.66 66.6° 
230.7 + 230.7 Овоо Беи 


This represents a 14.9 percent increase over the cycle of Example 8.11 with only a regenerator, and an 80.5 
percent increase over the simple gas-turbine cycle. Obviously, losses in the additional components must be 
considered for any actual situation. 


8.12 THE TURBOJET ENGINE 


The turbojet engines of modern commercial aircraft utilize gas-turbine cycles as the basis for their 
operation. Rather than producing power, however, the turbine is sized to provide just enough power to 
drive the compressor. The energy that remains is used to increase the kinetic energy of the exiting 
exhaust gases by passing the gases through an exhaust nozzle thereby providing thrust to the aircraft. 
Assuming that all of the air entering the engine passes through the turbine and out the exhaust nozzle, as 
shown in Fig. 8-20, the net thrust on the aircraft due to one engine is 


thrust = т(1/; = 14) (8.44) 


where m is the mass flux of air passing through the engine. The mass flux of fuel is assumed to be 
negligibly small. In our ideal engine we assume that the pressures at section 1 and section 5 are equal to 
atmospheric pressure and that the velocity at section 1 is equal to the aircraft speed. A solved problem 
will illustrate the calculations for this application. 


Burner 


Compressor 


Exhaust 
gases 


@ 


Fig. 8-20 The turbojet engine. 


EXAMPLE 8.13 А turbojet engine inlets 100 Ibm/sec of air at 5 psia and —50°F with a velocity of 600 ft/sec. 
The compressor discharge pressure is 50 psia and the turbine inlet temperature is 2000 ^F. Calculate the thrust 
and the horsepower developed by the engine. 

Solution: To calculate the thrust we must first calculate the exit velocity. To do this we must know the 
temperatures Т; and 7; exiting the turbine and the nozzle, respectively. Then the energy equation can be applied 
across the nozzle as 


neglect 
V V5 
Е ог у= 


ORE eames 
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Let us find the temperatures 7, and Т;. The temperature Т, is found to be (using T; = 410°R) 
(k—1)/k 0.2857 
Р. 
ЕЕ = (410) 2n =791.6°R 
Pi 8 


Since the work from the turbine equals the work required by the compressor, we have h — № = h3 — h4 or 
T, — T, = Т, - Тү. Thus, T, = 2460 — (791.6 — 410) = 2078^R. The isentropic expansion through the turbine 


yields 
T EC-D 2078 25 
Р, = P (2) = (50) (б) = 27.70 рѕіа 


The temperature 7; at the nozzle exit where Р; = 5 psia is found, assuming isentropic nozzle expansion, to be 
(k—1)/k 0.2857 
P. 
T; = T4 (ғ) = (2078) (3) = 127428 
P, 
The energy equation then gives 
Vs = DC, (T; — Ts)]'”? = [(2)(0.24)(778)(32.2)(2078 — 1274)]"? = 3109 ft/sec 


[Note: We use С, = (0.24 Btu/lbm-°R) х (778 ft-Ibf/Btu) х (32.2 Ibm-ft/Ibf-sec?). This provides the appropriate 
units for С, 


The thrust is: thrust = (15 — 14) = (100/32.2)(3109 — 600) = 7790 Ibf. The horsepower is 
. (thrust)(velocity) _ (7790)(600) _ 
une 550 morc me s 


where we have used the conversion 550 ft-Ibf/sec — 1 hp. 


Solved Problems 


8.1 An adiabatic compressor receives 20 m?/min of air from the atmosphere at 20°C and compresses 
it to 10 MPa. Calculate the minimum power requirement. 


An isentropic compression requires the minimum power input for an adiabatic compressor. The outlet 
temperature for such a process is 


(к= 1)/к 0.2857 
Р 1 
Т, = Т (2) = (293) (5%) = 1092 К 


To find the mass flux, we must know the density. It is р = P/RT = 100/(0.287)(293) = 1.189 kg/m*. The 
mass flux is then (the flow rate is given) m = р(А1/) = (1.189)(20/60) = 0.3963 kg/s. The minimum power 
requirement is now calculated to be 


Weomp = (h — hy) = rà C, (T; — Т) = (0.3963)(1.00)(1092 — 293) = 317 kW 


8.2 А compressor receives 4 kg/s of 20°C air from the atmosphere and delivers it at a pressure of 
18 MPa. If the compression process can be approximated by a polytropic process with n = 1.3, 
calculate the power requirement and the rate of heat transfer. 


The power requirement is [see (8.6)] 


(n—1)/n 0.3/1.3 
, . nR P, (1.3)(0.287) 18000 
Weomp =m ents G x | = WEIST (293) 7100. = 1| = 3374 kW 
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GAS POWER CYCLES [CHAP. 8 


The first law for the control volume [see (4.66)] surrounding the compressor provides us with 


(n — 1)/n 
= 
Р, 
18000 


0.3/1.3 
= (4)(1.00)(293) ( 100 ) | 3374 = -661 kW 


0) = mAh F # шар = m C (T, = T) + Wu x тС Т + Weomp 


In the above, we have used the compressor power as negative since it is a power input. The expression of 
(8.6) is the magnitude of the power with the minus sign suppressed, but when the first law is used we must 
be careful with the signs. The negative sign on the heat transfer means that heat is leaving the control 
volume. 


An adiabatic compressor is supplied with 2 kg/s of atmospheric air at 15°C and delivers it at 
5 MPa. Calculate the efficiency and power input if the exiting temperature is 700°C. 


Assuming an isentropic process and an inlet temperature of 15°C, the exit temperature would be 
(k-1)/k 0.2857 
Р, 5000 
Ty = Т, ( = = (288) | —— = 880.6K 
=n) = o (2) 
The efficiency is then 


ws _ C,(Ty —T,) _ 880.6 — 288 


желе = = 0.865 or 86.5% 
wa 7 QUSE. 973—288 9 02585254 


The power input is Weomp = C, (Tz - Т) = (2)(1.00)(973 — 288) = 1370 kW. 


An ideal compressor is to compress 20 Ibm/min of atmospheric air at 70°F at 1500 psia. Calculate 
the power requirement for (a) one stage, (b) two stages, and (c) three stages. 


(a) For a single stage, the exit temperature is 
(k—U/k 0.2857 
Р, 1500 à 
Ty = Т, | = = (530) (| —— = 1987°R 
4 (2) ( 1150) 


The required power is 


60 
= 90,680 ft-lbf/sec or 164.9 hp 


Weomp = ЯС,(Т,- Т) = (2) [(0.24)(778)](1987 — 530) 


(b) With two stages, the intercooler pressure is P; = (P, P4)? = ((14.7)(1500)]? = 148.5 psia. The inter- 
cooler inlet and exit temperatures are (see Fig. 8-4) 


(k—1)/k 0.2857 
Т = Т; (2) = 530 (14) = 1026°R 


Р, 14.7 
(k—1)/k 0.2857 
P, 1500 d 
T, = Т, = = 530| —— = 1026°R 
$ (2) (rss) б 


The power required for this two-stage compressor is 


Weomp = тС,(7, ға T) + mC (Т4 x: T) 


- (4) [00.24)(778)](1026 — 530 + 1026 — 530) = 61,740 ft-Ibf/sec 


or 112.3 hp. This represents а 31.9 percent reduction compared to the single-stage compressor. 
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(c) For three stages, we have, using (8.9) and (8./0), 


1/3 

P, = (PP)? = (а4.77(1500) = 68.69 psia 
1/3 

Р, = (P, P2) = [(14.7)(1500)" = 321.0 psia 


The high temperature and power requirement are then 


(k-1)/k 0.2857 
Р. 68.69 
Т» = Т = Т, = Т (2) — (530) ЕЗ = 823.3°R 


Weomp = Эт С(Т» — Т) = (3) (%) [00.24)(778)](823.3 - 530) = 54,770 ft-Ibf/sec 


or 99.6 hp. This represents a 39.6 percent reduction compared to the single-stage compressor. 


8.5 The calculations in Prob. 8.4 were made assuming constant specific heats. Recalculate the power 
requirements for (a) and (b) using the more accurate air tables (Appendix E). 


(a) For one stage, the exit temperature is found using Р,. At stage Т = 530^R: ^, = 126.7 Btu/Ibm, 
(Р,), = 1.300. Then, 


(р), = (в), = (1.300) (1%) = 1327 


1 14.7 
This provides us with 7, = 1870°R and hy = 469.0 Btu/Ibm. The power requirement is 


20 
60 


Weomp = т(һ› — hy) = ( Jae 126.7) (778) = 88,760 ft-lbf/sec or 161.4 hp 
(b) With two stages, the intercooler pressure remains at 148.5 psia. The intercooler inlet condition is found 
as follows: 
P 


(P) = (Pa) F = (1.300) (145) = 13.13 


where Т, = 1018°R and A; = 245.5 Btu/lbm. These also represent the compressor exit (see Fig. 8-4), so 
that 


Үр, отр E m(hy e hi) t m(hg = hi) 


- (5) (245.5 — 126.7 + 245.5 — 126.7)(778) = 61,620 ft-Ibf/sec 


or 112.0 hp. Obviously, the assumption of constant specific heats is quite acceptable. The single-stage 
calculation represents an error of only 2 percent. 


8.6 А Carnot engine operates on air between high and low pressures of 3 MPa and 100 kPa with a 
low temperature of 20°C. For a compression ratio of 15, calculate the thermal efficiency, the 
MEP, and the work output. 


The specific volume at TDC (see Fig. 6-1) is v; = RT,/P, = (0.287)(293)/100 = 0.8409 m? /kg. For a 
compression ratio of 15 (we imagine the Carnot engine to have a piston-cylinder arrangement), the specific 
volume at BDC is 
v, 0.8409 


E = 3 
v= i5 = Gs = 0.05606 m” /kg 


The high temperature is then T; = P3v3/R = (3000)(0.05606)/0.287 = 586.0 K. 


200 GAS POWER CYCLES [CHAP. 8 


The cycle efficiency is calculated to be n = 1 — Т, / Тру = 1 — 293/586 = 0.500. To find the work output, 
we must calculate the specific volume of state 2 as follows: 


Рум = Pv, = (100)(0.8409) = 84.09 P,vl^ = Рур!“ = (3000)(0.05606)'* = 53.12 
z. v = 0.3171 m*/kg 


The entropy change (s2 — sı) is then 


T v 0.3171 _ 
As=C, ln 1+R In a 0 + 0.287 In 0.8409 ^ 0.2799 К//Ко-К 
The work output is now found to be wpe = AT|As| = (586 — 293)(0.2799) = 82.0 kJ/kg. Finally, 
Wet = (MEP) (v; — о) 82.0 = (MEP)(0.8409 — 0.3171) MEP = 156.5 kPa 


8.7 An inventor proposes a reciprocating engine with a compression ratio of 10, operating on 
1.6 kg/s of atmospheric air at 20°C, that produces 50 hp. After combustion the temperature is 
400°C. Is the proposed engine feasible? 


We will consider a Carnot engine operating between the same pressure and temperature limits; this will 
establish the ideal situation without reference to the details of the proposed engine. The specific volume at 
state 1 (see Fig. 6-1) is 

RT,  (0.287)(293) 


v P, 100 0.8409 m" /kg 


For a compression ratio of 10, the minimum specific volume must be v3 = v;/10 = 0.8409/10 = 0.08409. 
The specific volume at state 2 is now found by considering the isothermal process from 1 to 2 and the 
isentropic process from 2 to 3: 


0.287(673 
Pv, = Ру = 100 x 0.8409 = 84.09 Pa = 9487675) 


(0.08409)!* = 71.75 
2.9; = 0.6725 m? /kg 


The change in entropy is 


v 0.6725 
As = R In ? 202871 — — 0.0641 kJ/kg-K 
Rr EU = /kg 


The work output is then wnet = AT|As| = (400 — 20)(0.0641) = 24.4 kJ/kg. The power output is 


W = тше = (1.6)(24.4) = 39.0 КУ or 52.2 hp 


The maximum possible power output is 52.2 hp; the inventor’s claims of 50 hp is highly unlikely, though not 
impossible. 


8.8 A six-cylinder engine with a compression ratio of 8 and a total volume at TDC of 600 mL intakes 
atmospheric air at 20°C. The maximum temperature during a cycle is 1500°C. Assuming an Otto 
cycle, calculate (a) the heat supplied per cycle, (b) the thermal efficiency, and (c) the power output 
for 400 rpm. 


(a) The compression ratio of 8 allows us to calculate 7; (see Fig. 8-8): 


k-1 
Т» = Т (2) = (293)(8)°* = 673.1 K 


The heat supplied is then qi; = C,(T3 — Т) = (0.717)(1773 — 673.1) = 788.6 kJ/kg. The mass of air in 
the six cylinders is 


|. PV, (100)(600 x 107°) 
"= “т, (0.287)(293) 


The heat supplied per cycle is Qin = та = (0.004281)(788.6) = 3.376 kJ. 


= 0.004281 kg 
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(b n=l—r' = 1—84 = 0.5647 ог 56.5%. 
(с) Wout = 70 = (0.5647)(3.376) = 1.906 kJ. 


For the idealized Otto cycle, we assume that one cycle occurs each revolution. Consequently, 


Wout = (Wout)(cycles per second) = (1.906)(4000/60) = 127kW or 170 hp 


8.9 А diesel engine intakes atmospheric air at 60°F and adds 800 Btu/Ibm of energy. If the maximum 
pressure is 1200 psia calculate (a) the cutoff ratio, (b) the thermal efficiency, and (c) the power 
output for an airflow of 0.2 Ibm/sec. 


(a) The compression process is isentropic. The temperature at state 2 (see Fig. 8-9) is calculated to be 


(к= 1)/к 0.2857 
T, = Т (2) — (520) (4) = 182998 


The temperature at state 3 is found from the first law as follows: 
Gin = С,(Т,- Т) 800 = (0.24) (T; — 1829) 2.Тұ- 5162°R 
The specific volumes of the three states are 


_ RT _ (53.3)(520) | 3 _ RT, _ (53.3)(1829) | " 
"uc hg daa Н Hm v= т = (200)144) 7 02642 ft /Iem 
RT, (53.3)(5162) 


P, (1200)(144) 


The cutoff ratio is then ғ, = v3/v = 1.592/0.5642 = 2.822. 


(b) The compression ratio is r = 11/9; = 13.09/0.5642 = 23.20. The thermal efficiency can now be calcu- 
lated, using (8.25): 


v = = 1.592 ft) /Ibm 


1 r-1 1 (2:822) — 1 
=1 с =1 = 0.6351 or 63.51% 
" П, — 1) (23.24 (14) 2.822 — 1) o ш a 


(c) Wout = Qj, = qq, = [(0.6351)(0.2)(800)](778) = 79,060 ft-Ibf/sec ог 143.7 hp. 


8.10 A dual cycle is used to model a piston engine. The engine intakes atmospheric air at 20°C, 
compresses it to 10 MPa, and then combustion increases the pressure to 20 MPa. For a cutoff 
ratio of 2, calculate the cycle efficiency and the power output for an airflow of 0.1kg/s. 


The pressure ratio (refer to Fig. 8-11) is rj = Р;/Р; = 20/10 = 2. The temperature after the isentropic 
compression is 


(k-1)/k 0.2857 
Р, 10000 
Т» = Т, (2) = (293) ЕЗ = 1092K 
The specific volumes are 


RT, (0.287)(293) RT,  (0.287)(1092) 


= = = 0.8409 m? /k = 2 = = 0.03134 m*/k 
Е Р, 100 0:8409 m /kg v2 P, 10 000 0.0 m` /kg 

The compression ratio is then r = v/v; = 0.8409 /0.03134 = 26.83. This allows us to calculate the thermal 

efficiency: 
k-1 04 
22-1 = 

debere ШИЕ = 1-1 Q0 -1 gay 
r7! kr = 1) + -1 (26.834 (1.4)(2)(2— 1) -2-1 


To find the heat input, the temperatures of states 3 and 4 must be known. For the constant-volume heat 
addition, 


T h Р, 
ЫЗ шаа “Ту = T; = (1092)(2) = 2184К 
к= B= Tp = (1090)0) 
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For the constant-pressure heat addition, 


TO f 
3.24 - Ta = T^ = (2184)0) = 4368 K 
13 U4 U3 


The heat input is then 


din = С (Т — Т) + C,(T, — T3) = (0.717) (2184 — 1092) + (1.00)(4368 — 2184) = 2967 kJ/kg 


so that 


Wout = 1] Gin = (0.8843) (2967) = 2624 kJ/kg 


The power output is Wout = Wot = (0.1) (2624) = 262.4 kW. 


8.11 Air at 90 kPa and 15°C is supplied to an ideal cycle at intake. If the compression ratio is 10 and 
the heat supplied is 300 kJ/kg, calculate the efficiency and the maximum temperature for (a) a 
Stirling cycle, and (b) an Ericsson cycle. 


(а) 


(b) 


For the constant-temperature process, the heat transfer equals the work. Referring to Fig. 8-13, the first 
law gives 


dou = ші = RT, In » — (0.287)(288) In 10 — 190.3 kJ/kg 
2; 


The work output for the cycle is then Wout = qin — Фош = 300 — 190.3 = 109.7 kJ/kg. The efficiency is 


Wout — 109.7 
= = —— = 0.366 
din 300 
The high temperature is found from 
Т, Т, 288 
=1— = Ty = = = 454K 
Ш f CONTR unm ai ы (466 


For the Ericsson cycle of Fig. 8-14, the compression ratio is v4/v2. The constant-temperature heat 
addition 3 — 4 provides 


di; = W3-4 = RT, In 4 2.300 = (0.287)T, In 74 
U3 U3 
The constant-pressure process 2—3 allows 
T, T, 288 
U3 B 2 B v4/10 
The constant-pressure process 4 — 1 demands 
Т, Т ОР, 90 


= = = 313.6 
U4 11 R 0.287 


Recognizing that T; = T,, the above can be combined to give 


300 = (0.287)(313.6v4) In = оз = 0.108903 
3 


The above two equations are solved simultaneously by trial and error to give 
v4 = 3.94 m3 /kg v, = 1.69 m3/kg 
Thus, from the compression ratio, v; = v4/10 = 0.394 m?/kg. The specific volume of state 1 is 


RT (0.287)(288) 5 
vı P, 90 0 m'/kg 


The heat rejected is then 


ош = RT, In rM (0.287)(288) In 0.9184 
v 


= 70.0 к/к 
" оа ОИЕ 
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The net work for the cycle is Wout = Jin — out = 300 — 70.0 = 230 kJ/kg. The efficiency is then 
1] 2 Wout /qin = 230/300 = 0.767. This allows us to calculate the high temperature: 
ТІ 288 


Н Н 


812 А gas-turbine power plant is to produce 800 kW of power by compressing atmospheric air at 
20°C to kPa. If the maximum temperature is 800°C, calculate the minimum mass flux of the air. 


The cycle is modeled as an ideal Brayton cycle. The cycle efficiency is given by (8.35): 
800\ 04/14 
= 1 (150/0 = р [2 = 0.4479 
n rp 100 0 


The energy added in the combustor is (see Fig. 8-15) Qin = Vout /n = 800/0.4479 = 1786 kW. The tempera- 
ture into the combustor is 


(k—1)/k 0.2857 
Т» = Т, (2) = (293) (іш) = 530.7K 


With a combustor outlet temperature of 1073 K, the mass flux follows from a combustor energy balance: 


Qi, = mC, (Ts — Т.) 1786 = (ій)(1.00)(1073 — 530.7) гот = 3.293 kg/s 


This represents a minimum, since losses have not been included. 


8.13 If the efficiency of the turbine of Prob. 8.12 is 85 percent and that of the compressor is 80 percent, 
calculate the mass flux of air needed, keeping the other quantities unchanged. Also calculate the 
cycle efficiency. 


The compressor work, using Ty = 530.7 from Prob. 8.12, is 


Weomp = EP : C,(Ty - Т) = (ss) 10008307 — 293) = 297.1 kJ/kg 


Tlcomp Necomp 0.8 


The temperature of state 4’, assuming an isentropic process, is 
(k—1)/k 0.2857 
Р, 100 
Ty = Т | — = (1073) | — = 5924К 
«-"(2) ШІС/ 
The turbine work is then 


Wturb = "urb Wturb,s = Nearb€ p(Ty ет Т;) = (0.85) (1.00) (592.4 > 1073) = 408.5 kJ/kg 


The work output is then Wout = Wturb — Шсотр = 408.5 — 297.1 = 111.4 kJ/kg. This allows us to determine 
the mass flux: 


Wout = Wout 800 = (й)(111.4) с.т =7.18kg/s 


To calculate the cycle efficiency, we find the actual temperature T». It follows from an energy balance on 
the actual compressor: 


Weomp = С,(Т,- Т) 297.1 = (1.00)(T, — 293) с. Т» = 590.1 K 


The combustor rate of heat input is thus Qi, = (75 — 7) = (7.18)(1073 — 590.1) = 3467 kW. The efficiency 
follows as 


Wout 800 
M 0.2307 


n= 


Note the sensitivity of the mass flux and the cycle efficiency to the compressor and turbine efficiency. 
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Regenerator 0, 


Fig. 8-21 
Assuming the ideal-gas turbine and regenerator shown іп Fig. 8.21, find Qj, and the back work ratio. 


The cycle efficiency is (see Fig. 8-17) 


0.2857 
-1-2 p e oss ЕЯ = 0.4818 
" P 1660) V14.7 ү 


The rate of energy input to the combustor is 


Wout (800) (550/778) 
erem = = 1174 Bt 
Qin " 0.4818 u/sec 


The compressor outlet temperature is 


The turbine and compressor work are then 
Weomp = С,(7 — Tj) = (1.00)(860.2 — 540) = 320.2 Btu/Ibm 
Wiurb = С,(Т; — T4) = (1.00)(1660 — 1042) = 618 Btu/Ibm 


The back work ratio is then wWeomp/Wturb = 320.2/618 = 0.518. 


To Prob. 8.14 add an intercooler and a reheater. Calculate the ideal cycle efficiency and the back 
work ratio. 


The intercooler pressure is (see Fig. 8-19), P = yP, Py = y (14.7)(75) = 33.2 psia. The temperatures Т, 
and T; аге 


(к= U/k 0.2857 
P 33.2 
T4 = Т, = Т, (2) = (540) ЕЗ = 681.5°R 


Using P; = P, and Р, = P4, there results 


(k-U/k 0.2857 
n-n-n(Z) = 1660) (52) = 1315°R 
The work output of the turbine and input to the compressor are 
Wire = Cp(Tg — To) + C,(Tg — Ту) = (0.24)(778) (1660 — 1315)(2) = 128,800 ft-Ibf/Ibm 
Weomp = C,(Ty — T3) + С,(Т,- Tj) = (0.24)(778) (681.5 — 540)(2) = 52,840 ft-Ibf/Ibm 
The heat inputs to the combustor and the reheater are 
Ясоть = Сь(% — Ts) = (0.24)(1660 — 1315) = 82.8 Btu/Ibm 
reheater = С,(Тұ — Ту) = (0.24)(1660 — 1315) = 82.8 Btu/Ibm 
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8.16 


8.17 


8.18 


8.19 


The cycle efficiency is now calculated to be 
urb ~ “com 128,800 = 52,840 778 
n= Wout =. Wturb wW, p ( )/ ET 
din Qcomb + Qreheater 82.8 + 82.8 


The back work ratio is Weomp/Wturb = 52,840/128,800 = 0.410. 


A turbojet aircraft flies at a speed of 300 m/s at an elevation of 10 000 m. If the compression ratio 
is 10, the turbine inlet temperature is 1000°C, and the mass flux of air is 30 kg/s, calculate the 
maximum thrust possible from this engine. Also, calculate the rate of fuel consumption if the 
heating value of the fuel is 8400 kJ/kg. 


The inlet temperature and pressure are found from Table B-1 to be (see Fig. 8-20) 
Т, = 223.3 К Р, = 0.2615 P) = 26.15 kPa 
The temperature exiting the compressor is 


(k-1)/k 
Т = Т (2) = (223.3)(10)2% = 4311 K 
1 


Since the turbine drives the compressor, the two works are equal so that 
C, (Tr = Ti) = C,(T3 = T4) RA Т» == T4 = Т» = Т, 


Since T; = 1273, we can find Т; as T4, = Т + T, — T; = 1273 + 223.3 — 431.1 = 1065.2 К. We can now 
calculate the pressure at the turbine exit to be, using Р; = Р, = 261.5 kPa, 


k/(k—1) 3.5 
P, = P; (2) = as. (C — 140.1 kPa 


1273 


The temperature at the nozzle exit, assuming an isentropic expansion, is 


(k—1)/k 0.2857 
P. 26.15 
Ts = Ty (2) = (1065.2) (i) = 659.4K 


The energy equation provides us with the exit velocity 1/; = [2C, (T, — T,)|? = [(2)(1000) (1065.2 — 
659.4)| 7? = 901 m/s, where C, = 1000 J/kg-K must be used in the expression. The thrust can now be 
calculated as 


thrust = m(V 5 — V) = (30)(901 — 300) = 18030 N 


This represents a maximum since a cycle composed of ideal processes was used. 
The heat transfer rate in the burner is О = m C, (T; — Т) = (30)(1.00)(1273 — 431.1) = 25.26 MW. 
This requires that the mass flux of fuel m; be 


8400 m, = 25260 sag = 3.01 kg/s 


Supplementary Problems 


An ideal compressor receives 100 m?/min of atmospheric air at 10°C and delivers it at 20 MPa. Determine 
the mass flux and the power required. 


An adiabatic compressor receives 1.5 kg/s of atmospheric air at 25 °С and delivers it at 4 MPa. Calculate the 
required power and the exiting temperature if the efficiency is assumed to be (а) 100 percent, and (b) 80 percent. 


An adiabatic compressor receives atmospheric air at 60^F at a flow rate of 4000 ft?/min and delivers it 
at 10,000 psia. Calculate the power requirement assuming a compressor efficiency of (a) 100 percent and 
(b) 82 percent. 
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A compressor delivers 2 kg/s of air at 2 MPa having received it from the atmosphere at 20°C. Determine the 
required power input and the rate of heat removed if the compression process is polytropic with (a) п = 1.4, 
(b) n = 1.3, (c) n = 1.2, and (d) n = 1.0. 


The heat transfer from a compressor is one-fifth the work input. If the compressor receives atmospheric air 
at 20°C and delivers it at 4 MPa, determine the polytropic exponent assuming an ideal compressor. 


The maximum temperature in the compressor of Prob. 8.19(a) is too high. To reduce it, several stages are 
suggested. Calculate the maximum temperature and the isentropic power requirement assuming (a) two 
stages and (b) three stages. 


A compressor receives 0.4 Ibm/sec of air at 12 psia and 50°F and delivers it at 500 psia. For an 85 percent 
efficient compressor calculate the power requirement assuming (a) one stage, and (р) two stages. 


Rather than assuming constant specific heats, use the air tables (Appendix E) and rework (a) Prob. 8.17 and 
(b) Prob. 8.19(a). Compute the percentage error for the constant specific heat assumption. 


A three-stage compressor receives 2 kg/s of air at 95 kPa and 22°C and delivers it at 4 MPa. For an ideal 
compressor calculate (a) the intercooler pressures, (b) the temperatures at each state, (c) the power required, 
and (d) the intercooler heat transfer rates. 


An engine with a bore and a stroke of 0.2 x 0.2 m and a clearance of 5 percent experiences a minimum 
pressure of 120 kPa and a maximum pressure of 12 MPa. If it operates with air on the cycle of Fig. 8-7, 
determine (а) the displacement volume, (b) the compression ratio, and (c) ће MEP. 


An air-standard cycle operates in a piston-cylinder arrangement with the following four processes: 1 — 2— 
isentropic compression from 100 kPa and 15°C to 2 MPa; 2 — 3—constant-pressure heat addition to 
1200°C; 3 —5 4—isentropic expansion; and 4 — 1—constant-volume heat rejection. (a) Show the cycle on 
P-v and T-s diagrams, (р) calculate the heat addition and (c) calculate the cycle efficiency. 


An air-standard cycle operates in a piston-cylinder arrangement with the following four processes: 1 —^ 2— 
constant-temperature compression from 12 psia and 70°F to 400 psia; 2 — 3—constant-pressure expansion 
to 1400°F; 3 — 4—isentropic expansion; and 4 — 1—constant-volume process. (a) Show the cycle оп P-v 
and T-s diagrams, (р) calculate the work output, and (c) calculate the cycle efficiency. 


A Carnot piston engine operates with air between 20°C and 600°C with a low pressure of 100 kPa. If it is to deliver 
800 kJ/kg of work calculate (a) the thermal efficiency, (5) the compression ratio, and (c) the MEP. See Fig. 6-1. 


A Carnot engine operates on air as shown in Fig. 8-22. Find (a) the power output, (5) the thermal efficiency, 
and (c) the MEP. See Fig. 6-1. 
120 kPa 40°C 2.0 kg/s 


ш 55 


0, б, 


Fig. 8-22 


A Carnot engine has heat addition during the combustion process of 4000 Btu/sec. If the temperature limits 
are 1200°F and 30°F, with high and low pressures of 1500 psia and 10 psia, determine the mass flux of air 
and the MEP. See Fig. 6-1. 
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8.33 
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8.35 


8.36 


8.37 


8.38 


8.39 


8.40 


8.41 


8.42 


8.43 


8.44 


A Carnot engine operates between the temperatures of 100°C and 600°C with pressure limits of 150 kPa and 
10 MPa. Calculate the mass flux of air if the rejected heat flux is (a) 100 kW, (5) 400 kW, and (c) 2 MW. See 
Fig. 6-1. 


A piston engine with a 0.2 x 0.2 m bore and stroke is modeled as a Carnot engine. It operates on 0.5 kg/s of 
air between temperatures of 20°C and 500°C with a low pressure of 85 kPa and a clearance of 2 percent. 


Find (a) the power delivered, (b) the compression ratio, (c) the MEP, and (4) the volume at top dead center. 
See Fig. 6-1. 


A spark-ignition engine operates on an Otto cycle with a compression ratio of 9 and temperature limits of 
30°C and 1000°C. If the power output is 500 kW, calculate the thermal efficiency and the mass flux of air. 


An Otto cycle operates with air entering the compression process at 15 psia and 90°F. If 600 Btu/Ibm of energy 
is added during combustion and the compression ratio is 10, determine the work output and the MEP. 


The maximum allowable pressure in an Otto cycle is 8 MPa. Conditions at the beginning of the air compres- 
sion are 85 kPa and 22°C. Calculate the required heat addition and the MEP, if the compression ratio is 8. 


A maximum temperature of 1600°C is possible in an Otto cycle in which air enters the compression process 
at 85 kPa and 30°C. Find the heat addition and the MEP, if the compression ratio is 6. 


If the Otto cycle shown in Fig. 8-23 operates on air, calculate the thermal efficiency and the MEP. 


4 ® T © 


P (MPa) 


Fig. 8-23 


A spark-ignition engine with a compression ratio of 8 operates on an Otto cycle using air with a low 
temperature of 60°F and a low pressure of 14.7 psia. If the energy addition during combustion is 800 
Btu/lbm, determine (a) the work output and (b) the maximum pressure. 


Use the air tables (Appendix E) to solve (a) Prob. 8.35 and (b) Prob. 8.38. Do not assume constant specific heats. 


A diesel engine is designed to operate with a compression ratio of 16 and air entering the compression stroke at 
110 kPa and 20°C. If the energy added during combustion is 1800 kJ/kg, calculate (a) the cutoff ratio, (b) the 
thermal efficiency, and (c) the MEP. 


A diesel cycle operates on air which enters the compression process at 85 kPa and 30°C. If the compression 
ratio is 16, the power output is 500 hp, and the maximum temperature is 2000°C, calculate (a) the cutoff 
ratio, (b) the thermal efficiency, and (c) the mass flux of air. 


Air enters the compression process of a diesel cycle at 120 kPa and 15°C. The pressure after compression is 
8 MPa and 1500 kJ/kg is added during combustion. What are (a) the cutoff ratio, (b) the thermal efficiency, 
and (c) the MEP? 


For the cycle shown in Fig. 8-24 find the thermal efficiency and the work output. 
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P 
1200 psia | Ф Ө 3000°Е 


Fig. 8-24 


A diesel engine has a 0.6 х 1.2 т bore and stroke and operates with 5 percent clearance. For a power output 
of 5000 hp calculate the compression ratio and the rate of heat input if the cutoff ratio is 2.5. 


Use the air tables (Appendix E) to solve (a) Prob. 8.41 and (b) Prob. 8.44. Do not assume constant specific heats. 


A dual cycle with r = 18, ғ, = 2, and ғ, = 1.2 operates on 0.5 kg/s of air at 100 kPa and 20°C at the 
beginning of the compression process. Calculate (а) the thermal efficiency, (Р) the energy input, and (с) the 
power output. 


A compression-ignition engine operates on a dual cycle by receiving air at the beginning of the compression 
process at 80 kPa and 20^C and compressing it to 60 MPa. If 1800 kJ/kg of energy is added during the 
combustion process, with one-third of it added at constant volume, determine (a) the thermal efficiency, 
(b) the work output, and (c) the MEP. 


An ideal cycle operates on air with a compression ratio of 12. The low pressure is 100 kPa and the low 
temperature is 30°C. If the maximum temperature is 1500 °С, calculate the work output and the heat input 
for (a) a Stirling cycle and (5) an Ericsson cycle. 


An ideal cycle is to produce a power output of 100 hp while operating on 1.2 Ibm/sec of air at 14.7 psia and 
70°F at the beginning of the compression process. If the compression ratio is 10, what is the maximum 


temperature and the energy input for (a) a Stirling cycle and (5) an Ericsson cycle? 


Calculate the work output and thermal efficiency for the cycles shown in Fig. 8-25a and b. Air is the operating fluid. 


о (m3/kg) 
(a) (b) 


Fig. 8-25 
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8.53 


8.54 


8.55 


8.56 


8.57 


8.58 


8.59 


8.60 


8.61 


8.62 


8.63 


8.64 


8.65 


Air enters the compressor of a gas turbine at 85 kPa and 0°C. If the pressure ratio is 6 and the maximum 
temperature is 1000 °С, find (a) the thermal efficiency and (b) the back work ratio for the associated Brayton 
cycle. 


Three kilograms of air enters the compressor of a gas turbine each second at 100 kPa and 10°C. If the 
pressure ratio is 5 and the maximum temperature is 800°C, determine (a) the horsepower output, (5) the 
back work ratio, and (c) the thermal efficiency for the associated Brayton cycle. 


Determine the compressor outlet pressure that will result in maximum work output for a Brayton cycle in 
which the compressor inlet air conditions are 14.7 psia and 65°F and the maximum temperature is 1500°F. 


Air enters the compressor of a Brayton cycle at 80 kPa and 30°C and compresses it to 500 kPa. If 1800 kJ/kg 
of energy is added in the combustor, calculate (a) the compressor work requirement, (b) the net turbine 
output, and (c) the back work ratio. 


Find the back work ratio and the horsepower output of the cycle shown in Fig. 8-26. 


500 kPa 1000 °C 


Compressor SS ES AE 


Air 

m = 2 kg/s 
T, =20°C 
P, = 100 kPa 


Fig. 8-26 


Calculate the thermal efficiency and the back work ratio of the gas turbine of Prob. 8.52 if the respective 
compressor and turbine efficiencies are (a) 80%, 80% and (b) 83%, 86%. 


Determine the efficiency of the compressor and turbine (the efficiencies are equal) that would result in a zero 
thermal efficiency for the gas turbine of Prob. 8.52. 


Calculate the thermal efficiency and the back work ratio of the Brayton cycle of Prob. 8.55 if the compressor 
and turbine efficiencies are (a) 83%, 83% and (b) 81%, 88%. 


Determine the efficiency of the compressor and turbine (the efficiencies are equal) of the Brayton cycle of 
Prob. 8.55 that would result in no net work output. 


The efficiency of the turbine of Prob. 8.56 is 83 percent. What compressor efficiency would reduce the 
Brayton cycle thermal efficiency to zero? 


Use the air tables to find the thermal efficiency and the back work ratio for (a) Prob. 8.52, (b) Prob. 8.55, and 
(c) Prob. 8.56. Do not assume constant specific heats. 


A regenerator is installed in the gas turbine of Prob. 8.55. Determine the cycle efficiency if its effectiveness is 
(а) 100 percent and (b) 80 percent. 


For the ideal-gas turbine with regenerator shown in Fig. 8-27 find Wou and the back work ratio. 


Assume that the efficiencies of the compressor and turbine of Prob. 8.64 are 83 percent and 86 percent, 
respectively, and that the effectiveness of the regenerator is 90 percent. Determine the power output and the 
back work ratio. 
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Air 
100 kPa 
20 °C 


Regenerator 


Fig. 8-27 


Temperatures for the ideal regenerative gas-turbine cycle of Fig. 8-17 are T, = 60°F, T, = 500°F, 
T; = 700°F, and Т; = 1600°F. Calculate the thermal efficiency and the back work ratio if air is the working 
fluid. 


Air enters a two-stage compressor of a gas turbine at 100 kPa and 20°C and is compressed to 600 kPa. The 
inlet temperature to the two-stage turbine is 1000°C and a regenerator is also used. Calculate (a) the work 
output, (5) the thermal efficiency, and (с) the back work ratio assuming an ideal cycle. 


One stage of intercooling, one stage of reheat, and regeneration are added to the gas turbine of Prob. 8.56. 
Calculate (a) the power output, (5) the thermal efficiency, and (c) the back work ratio assuming an ideal 
cycle. 


(а) For the ideal components shown in Fig. 8-28 calculate the thermal efficiency. (b) For the same compo- 
nents, with an air mass flux of 2 kg/s, determine Wou, Ос, Or, and Ош. 


Compressor [——] 


25°C 
100 kPa 


out Op 


Fig. 8-28 


A turbojet engine inlets 70 kg/s of air at an altitude of 10 km while traveling at 300 m/s. The compressor 
provides a pressure ratio of 9 and the turbine inlet temperature is 1000°C. What is the maximum thrust and 
horsepower that can be expected from this engine? 


Rework Prob. 8.70 with realistic efficiencies of 85 percent and 89 percent in the compressor and turbine, 
respectively. Assume the nozzle to be 97 percent efficient. 


An aircraft with two turbojet engines requires a thrust of 4300 Ibf for cruise conditions of 800 ft/sec. If each 
engine has a mass flux of 30 Ibm/sec of air, calculate the pressure ratio if the maximum temperature is 
2000 °F. The aircraft flies at an altitude of 30,000 ft. 
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Review Questions for the FE Examination 


8.1FE Select the primary reason why an Otto cycle is less efficient than a Carnot cycle. 
(A) The temperature after compression is too high. 
(B) Heat transfer occurs across a large temperature difference. 
(C) Friction exists between the piston and the cylinder. 
(D) The sudden expansion process results in very large losses. 


8.2FE Which of the following statements is not true of the diesel cycle? 
(A) The expansion process is an isentropic process. 
(B) The combustion process is a constant-volume process. 
(C) The exhaust process is a constant-volume process. 
(D) The compression process is an adiabatic process. 


8.3FE The engines on a commercial jet aircraft operate on which of the basic cycles? 
(A) Otto 
(B) Diesel 
(C) Carnot 
(D) Brayton 


8.4FE The exhaust process in the Otto and diesel cycles is replaced with a constant-volume process for what 
primary reason? 
(A) To simulate zero work of the actual exhaust process. 
(B) To simulate zero heat transfer of the actual exhaust process. 
(C) To restore the air to its original state. 
(D) To ensure that the first law is satisfied. 


8.5FE The heat rejected in the Otto cycle shown in Fig. 8-29 is: P (MPa) 

(A) с,(7; ғы T) 3.0 

(B) C, (T ШЕ T4) 

(C) C, (T4 V T) 

(D) С.7;- T4) 
8.6FE The cycle efficiency of Fig. 8-29 is: 

(А) 1- Ti/T; id 

B) (n-T9)/(/T) 

Т, – Т 
(С) 1- 7,— 7 p 
(D) 1-1, | | 
Т — Т, " 

8.7FE If T, = 27°C in Fig. 8-29, what mass of air would exist in а Fig. 8-29 


1000 cm? cylinder? 
(A) 0.00187 kg 
(B) 0.00116 kg 
(C) 0.00086 kg 
(D) 0.00062 kg 
P (kPa) 
8.8FE If T, = 27°C in Fig. 8-29, Estimate Т» assuming 800 
constant specific heats. 
(A) 700°C 
(B) 510°C 
(C) 480°C 
(D) 430°C 
100 


8.9FE Determine Т; in the Brayton cycle of Fig. 8-30. 
(A) 531°C 
(B) 446°C 
(C) 327°C 
(D) 258°C 
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8.10FE If Thigh = 1200°C, find шт (not wnet) of the turbine of Fig. 8-30. 
(A) 720 kJ/kg 
(B) 660 kJ/kg 
(C) 590 kJ/kg 
(D) 540 kJ/kg 


8.11FE Estimate the back work ratio for the cycle of Fig. 8-30. 
(A) 0.40 
(B) 0.38 
(C) 0.36 
(D) 0.34 


8.12FE If an ideal regenerator is added to the cycle of Fig. 8-30, the temperature entering the burner is: 
(A) Т, 
(В) Т, 
(С) Т; 
(D) T, 


8.13FE Ifm = 0.2 kg/s for the cycle of Fig. 8-30, what should be the inlet diameter of the compressor if a maximum 
velocity of 80 m/s is allowed? 
(A) 5.2 ст 
(B) 6.4 cm 
(C) 8.6cm 
(D) 12.4 cm 


Answers to Supplementary Problems 


8.17 2.05 kg/s, 2058 kW 

8.18 (а) 835 kW, 582°С (Б) 1044 kW, 721°C 

8.19 (а) 4895 һр (Р) 5970 hp 

8.20 (а) 797 kW, 0 (b) 726 kW, 142 КУМ (с) 653 KW, 274 kW (а) 504 kW, 504 kW 
8.21 1.298 

8.22 (а) 860°F, 2766 hp (b) 507.8 °F, 2322 hp 

8.23 (а) 155 Һр (р) 115 hp 

8.24 (а) 2003 kW, 2.8% (№) 4610 hp, 6.2% 

8.25 (а) 330 kPa, 1150 kPa (р) 148°C, 22°С (c) 756 kW (d) 252 kW 
8.26 (а) 6.28 liters (b) 20 (c) 245 kPa 

8.27 (b)522kJ/kg (с) 22.3% 

8.28 (b) 118,700 ft-Ibf/Ibm (с) 47.8% 

8.29 (а) 66.4% (Б) 1873 (с) 952 КРа 

8.30 (а) 207 kW (5) 45.4% (c) 146.6 kPa 

8.31 67.4 Ibm/sec, 12.5 psia 

8.32 (а) 1.23 kg/s (b) 0.328 kg/s (с) 0.0655 kg/s 

8.33 (а) 104 kW (6) 51.0 (c) 214 КРа (d) 0.1257 liter 
8.34 58.5%, 2.19 kg/s 

8.35 281,000 ft-Ibf/Ibm, 160 psia 

8.36 2000 kJ/kg, 1300 kPa 

8.37 898 kJ/kg, 539 kPa 

8.38 57.5%, 383 kPa 
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8.39 (а) 352,000 ft-lbf/lbm (Р) 1328 psia 

8.40 (а) 254,000 ft-lbf/lbm, 144 psia (b) 54.3%, 423 kPa 
8.41 (а) 3.03 (р) 56.8% (с) 1430 kPa 

8.42 (а) 2.47 (Б) 59.2% (с) 0.465 kg/s 

8.43 (а) 2.57 (Б) 62.3% (с) 1430 kPa 

8.44 67%, 205,000 ft-Ibf/Ibm 

8.45 21, 5890 kW 

8.46 (а) 2.76, 50.6%, 1270 kPa (№) 62.2%, 240,000 ft-Ibf/Ibm 
8.47 (а) 63.7% (Б) 1250 kJ/kg (с) 534 hp 

8.48 (а) 81.2% (Б) 1460 kJ/kg (с) 1410 kPa 

8.49 (а) 1048 kJ/kg, 1264 kJ/kg (Р) 303 kJ/kg, 366 kJ/kg 
8.50 (а) 443°F, 142.5 Btu/lbm (b) 605°F, 117 Btu/Ibm 
8.51 (а) 831 kJ/kg, 60% (Р) 1839 kJ/kg, 80% 

8.52 (а) 40.1% (Б) 0.358 

8.53 (а) 927 hp (р) 0.418 (с) 36.9% 

8.54 147 psia 

8.55 (а) 208 kJ/kg (Р) 734 kJ/kg (с) 0.221 

8.56 0.365, 799 hp 

8.57 (а) 0.559, 23.3% (b) 0.502, 28.1% 

8.58 59.8% 

8.59 (a) 30.3%, 0.315 (b) 32.8%, 0.304 

8.60 43.7% 

8.61 44% 

8.62 (а) 38.1%, 0.346 (Б) 37.1%, 0.240 (с) 34.8%, 0.355 
8.63 (а) 88.4% (b) 70.3% 

8.64 899 kW, 0.432 

8.65 540 kW, 0.604 

8.66 51.1%, 0.489 

8.67 (а) 171 kJ/kg (Р) 70.3% (с) 0.297 

8.68 (a)997hp (Б) 71% (с) 0.29 

8.69 (a) 80.3% (b) 1792 kW, 2232 kW, 220 kW, 1116 kW 
8.70 41.5 kN, 16700 hp 

8.71 35.5 kN, 14300 hp 

8.72 10 


Answers to Review Questions for the FE Examination 
8.1FE (B) 8.2FE (B) 8.3FE (D) &4FE(A) &SFE(C) 8.6ЕЕ (С) 


8.10FE (В) 8.11FE (С) 8.12FE (D) 8.13FE (A) 
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8.9FE (D) 


CHAPTER 9 


Vapor Power Cycles 


9.1 INTRODUCTION 


The ideal Carnot cycle is used as a model to compare all real and all other ideal cycles against. The 
efficiency of a Carnot power cycle is the maximum possible for any power cycle; it is given by 


gel (9.1) 


Note that the efficiency is increased by raising the temperature Тр at which heat is added or by lowering 
the temperature Т; at which heat is rejected. We will observe that this carries over to real cycles: the cycle 
efficiency can be maximized by using the highest maximum temperature and the lowest minimum tem- 
perature. We will discuss vapor cycles that are used to generate power in this chapter. 


9.2 THE RANKINE CYCLE 


The first class of power cycles that we consider in this chapter are those utilized by the electric power 
generating industry, namely, power cycles that operate in such a way that the working fluid changes 
phase from a liquid to a vapor. The simplest vapor power cycle is called the Rankine cycle, shown 
schematically in Fig. 9-1a. A major feature of such a cycle is that the pump requires very little work to 
deliver high-pressure water to the boiler. A possible disadvantage is that the expansion process in the 
turbine usually enters the quality region, resulting in the formation of liquid droplets that may damage 
the turbine blades. 

The Rankine cycle is an idealized cycle in which friction losses in each of the four components are 
neglected. Such losses usually are quite small and will be neglected completely in our initial analysis. The 
Rankine cycle is composed of the four ideal processes shown on the 7-s diagram in Fig. 9-1b: 


12:  Isentropic compression in a pump 

2—3:  Constant-pressure heat addition in a boiler 
3-4:  Isentropic expansion in a turbine 

4—1:  Constant-pressure heat extraction in a condenser 
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bs High-pressure 
vapor Н Т 


High-pressure 
water (2) | Low-pressure 

Low-pressure steam 
water 


1--2 pump 
2—3 boiler 
3—4 turbine 
4—1 condenser 


Condenser 


Wp Pump Я 
Ос b 5 


(а) The major components (5) The 7-5 diagram 


Fig. 9-1 The Rankine cycle. 


If we neglect kinetic energy and potential energy changes, the net work output is the area under the 7-5 
diagram, represented by area 1-2-3-4-1; this is true since the first law requires that Wnet = Оша. The heat 
transfer to the working substance is represented by area a-2-3-b-a. Thus, the thermal efficiency 7 of the 
Rankine cycle is 

area 1-2-3-4-] 

ПЕ area a-2-3-b-a (22) 
that is, the desired output divided by the energy input (the purchased energy). Obviously, the thermal 
efficiency can be improved by increasing the numerator or by decreasing the denominator. This can be 
done by increasing the pump outlet pressure P», increasing the boiler outlet temperature T}, or decreas- 
ing the turbine outlet pressure P4. 

Note that the efficiency of the Rankine cycle is less than that of a Carnot cycle operating between the 
high temperature Т; and the low temperature T; since most of the heat transfer from a high-temperature 
reservoir occurs across large temperature differences. 

It is possible for the efficiency of a Rankine cycle to be equal to that of a Carnot cycle if the cycle is 
designed to operate as shown in Fig. 9-2a. However, the pump would be required to pump a mixture of 
liquid and vapor, a rather difficult and work-consuming task compared to pumping all liquid. In addi- 
tion, the condensation of liquid droplets in the turbine would result in severe damage. To avoid the 
damage from droplets, one could propose superheating the steam at constant temperature, as shown in 
Fig. 9-2b. This, however, requires that the pressure for the constant-temperature, super-heated portion 
of the process decrease from the saturated vapor point to state 3. To achieve such a decrease, the flow in 
the boiler pipes would have to be accelerated, a task that would require pipes of decreasing diameter. 
This would be expensive, should it even be attempted. Thus it is proposed that Р, and Т; be quite large 
(Т, being limited by the temperature-resistance characteristics of the pipe metal, typically about 600 ^C). 
(See Fig. 9-2c.) It is also proposed that the condenser outlet pressure be very low (it can be quite close to 


T Т 


(а) (b) (c) 


Fig. 9-2 Special Rankine cycles. 
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absolute zero). This would, however, result in state 4 being in the quality region (a quality of 90 percent 
is too low) causing water droplets to form. To avoid this problem it is necessary to reheat the steam, as 
will be discussed in the following section, or to raise the condenser pressure. 

By Section 4.8 and Fig. 9-1b, 


Яв = h3 — hz Wp = v (P; — Pi) Яс = hg — hy Шт = h; — h4 (9.3) 


where wp and qc are expressed as positive quantities. In terms of the above, the thermal efficiency is 
Wr — Wp 
n= (9.4) 
Яв 
The pump work is usually quite small, however, compared to the turbine work апа сап most often be 
neglected. With this approximation there results 
Wr 


== (9.5) 


This is the relation used for the thermal efficiency of the Rankine cycle. 


EXAMPLE 9.1 A steam power plant is proposed to operate between the pressures of 10 kPa and 2 MPa with a 
maximum temperature of 400°C, as shown in Fig. 9-3. What is the maximum efficiency possible from the power 
cycle? 


T © 


Saturated liquid: қ Super heat: 
hy = hy = 191.8 kJ/kg hy = 3248 kJ/kg 
@ / s3 = 7.1279 kJ/kg- K 


© © 


Fig. 9-3 


Solution: Let us include the pump work in the calculation and show that it is negligible. Also, we will 
assume a unit mass of working fluid since we are only interested in the efficiency. The pump work is [see (4.71) 
with v = 1/0] 


wp = v,(P) — P,) = (0.001)(2000 — 10) = 1.99 kJ/kg 


Using (4.67) we find that A; = № + Win = 191.8 + 1.99 = 194 kJ/kg. The heat input is found using дв = 
ha — h, = 3248 — 194 = 3054 kJ/kg. To locate state 4 we recognize that s, = 5; = 7.1279. Hence, 


$4 = Sp + X48 fg ^. 7.1279 = 0.6491 + 7.5019x4 
giving the quality of state 4 as x, = 0.8636. This allows us to find лд to be 
h4 = 192 + (0.8636)(2393) = 2259 kJ/kg 
The work output from the turbine is 
wr = hs — h4 = 3248 — 2259 = 989 kJ/kg 
Consequently, the efficiency is 
Шт = Шр _ 989 – 2 


= = = 0.3232 2.329 
n vi 3054 0.3232 ог 32.32% 
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Obviously, the work required in the pumping process is negligible, being only 0.2 percent of the 
turbine work. In engineering applications we often neglect quantities that have an influence of less than 3 
percent, since invariably there is some quantity in the calculations that is known to only + 3 percent; for 
example, the mass flux, the dimensions of a pipe, or the density of the fluid. 


9.3 RANKINE CYCLE EFFICIENCY 


The efficiency of the Rankine cycle can be improved by increasing the boiler pressure while maintaining 
the maximum temperature and the minimum pressure. The net increase in work output is the crosshatched 
area minus the shaded area of Fig. 9-4a, a relatively small change; the added heat, however, decreases by the 
shaded area minus the crosshatched area of Fig. 9-4b. This is obviously a significant decrease, and it leads to 
a significant increase in efficiency. Example 9.2 illustrates this effect. The disadvantage of raising the boiler 
pressure is that the quality of the steam exiting the turbine may become too low (less than 90 percent), 
resulting in severe water droplet damage to the turbine blades and impaired turbine efficiency. 

Increasing the maximum temperature also results in an improvement in thermal efficiency of the 
Rankine cycle. In Fig. 9-5a the net work is increased by the crosshatched area and the heat input is 
increased by the sum of the crosshatched area and the shaded area, a smaller percentage increase than 
the work increase. Since the numerator of (9.5) realizes a larger percentage increase than the denominator, 
there will be a resulting increase in efficiency. This will be illustrated in Example 9.3. Of course, metallur- 
gical considerations limit the maximum temperature which can be attained in the boiler. Temperatures up 
to about 600°C are allowable. Another advantage of raising the boiler temperature is that the quality of 

state 4 is obviously increased; this reduces water droplet formation in the turbine. 


(a) (b) 


Fig. 9-4 Effect of increased pressure on the Rankine cycle. 


9 
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(b) 


(a) 


Fig. 9-5 Effect of increased temperature and decreased condenser temperature on the Rankine cycle. 
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A decrease in condenser pressure, illustrated in Fig. 9-5b, will also result in increased Rankine cycle 
efficiency. The net work will increase a significant amount, represented by the crosshatched area, and the 
heat input will increase a slight amount because state 1’ will move to a slightly lower entropy than that of 
state 1; this will result in an increase in the Rankine cycle efficiency. The low pressure is limited by the 
heat transfer process that occurs in the condenser. The heat is rejected by transferring heat to cooling 
water or to air which enters the condenser at about 20°C; the heat transfer process requires a tempera- 
ture differential between the cooling water and the steam of at least 10°C. Hence, a temperature of at 
least 30°C is required in the condenser; this corresponds to a minimum condenser pressure (see the 
saturated steam tables) of approximately 4 kPa abs. This is, of course, dependent on the temperature of 
the cooling water and the temperature differential required in the heat exchanger. 


EXAMPLE 9.2 Increase the boiler pressure of Example 9.1 to 4 MPa while maintaining the maximum tem- 
perature and the minimum pressure. Calculate the percentage increase in the thermal efficiency. 

Solution: Neglecting the work of the pump, the enthalpy A; remains unchanged: hy = 192 kJ/kg. At 
400°C and 4 MPa the enthalpy and entropy аге 5; = 6.7698 kJ/kg.K and A4 = 3214 kJ/kg. State 4 is in the 
quality region. Using s4 = s3, the quality is found to be 


54 — 5ғ 6.7698 — 0.6491 


ee =e es T 


X4 = 


Observe that the moisture content has increased to 18.4 percent, an undesirable result. The enthalpy of state 4 is then 
h4 = һу + xgh „ = 192 + (0.8159)(2393) = 2144 kJ/kg 
The heat addition is ав = h3 — hy = 3214 — 192 = 3022 kJ/kg and the turbine work output is 
шт = hs — h4 = 3214 — 2144 = 1070 kJ/kg 
Finally, the thermal efficiency is 
ў) = = = 0.3541 
The percentage increase in efficiency from that of Example 9.1 is 


0.3541 — 0.3232 


% increase = ( 03232 ІШ = 9.55% 


EXAMPLE 9.3 Increase the maximum temperature in the cycle of Example 9.1 to 600°C, while maintaining 
the boiler pressure and condenser pressure, and determine the percentage increase in thermal efficiency. 

Solution: At 600°C and 2 MPa the enthalpy and entropy аге л; = 3690 kJ/kg and s, = 7.7032 kJ/kg-K. 
State 4 remains in the quality region and, using s4 = 53, we have 


Te 7.7032 — 0.6491 
+75019 
Note here that the moisture content has been decreased to 6.0 percent, an acceptable level. The enthalpy of 


state 4 is now found to be h4 = 192 + (0.9403)(2393) = 2442 kJ/kg. This allows us to calculate the thermal 
efficiency as 


= 0.9403 


Wr з = Ва 360-242 _ 
quu = Se ы 


T] = 


where h, is taken from Example 9.1. The percentage increase is 


0.3568 — 0.3232 


% increase = ( 03232 ) (100) = 10.4% 


In addition to a significant increase in efficiency, note that the quality of the steam exiting the turbine exceeds 
90%, an improved value. 
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EXAMPLE 9.4 Decrease the condenser pressure of Example 9.1 to 4 kPa while maintaining the boiler pressure 
and maximum temperature, and determine the percentage increase in thermal efficiency. 

Solution: The enthalpies ^; = 192 kJ/kg and л; = 3248 kJ/kg remain as stated in Example 9.1. Using 
53 = 54 = 7.1279, with P4 = 4 kPa, we find the quality to be 


ва = ғу _ 7.1279 — 0.4225 
Sg 8.0529 


АХ = = 0.8327 
Note that the moisture content of 16.7 percent is quite high. The enthalpy of state 4 is h4 = 121 + 
(0.8327) (2433) = 2147 kJ/kg. The thermal efficiency is then 

5 = № _ 3248 — 2147 


н o a 


The percentage increase is found to be 


0.3603 — 0.3232 


% increase = ( 03232 


ІШ = 11.5% 


(5) Turbine 


Condenser 


дс 


Fig. 9-6 Тһе reheat cycle. 


9.4 THE REHEAT CYCLE 


It is apparent from the previous section that when operating a Rankine cycle with a high boiler 
pressure or a low condenser pressure it is difficult to prevent liquid droplets from forming in the low- 
pressure portion of the turbine. Since most metals cannot withstand temperatures above about 600 °С, the 
reheat cycle is often used to prevent liquid droplet formation: the steam passing through the turbine is 
reheated at some intermediate pressure, thereby raising the temperature to state 5 in the 7-s diagram of 
Fig. 9-6. The steam then passes through the low-pressure section of the turbine and enters the condenser at 
state 6. This controls or completely eliminates the moisture problem in the turbine. Often the turbine is 
separated into a high-pressure turbine and a low-pressure turbine. The reheat cycle does not significantly 
influence the thermal efficiency of the cycle, but it does result in a significant additional work output, 
represented in the figure by area 4-5-6-4'-4. The reheat cycle demands a significant investment in additional 
equipment, and the use of such equipment must be economically justified by the increased work output. 


EXAMPLE 9.5 High-pressure steam enters a turbine at 600 psia and 1000 ^F. It is reheated at a pressure of 
40 psia to 600^F and then expanded to 2 psia. Determine the cycle efficiency. See Fig. 9-6. 

Solution: At 2 psia saturated water has an enthalpy of (refer to Table C-2E) A; ~ л, = 94 Btu/Ibm. From 
Table C-3E we find л; = 1518 Btu/Ibm and s, = 1.716 Btu/Ibm- ^R. Setting 54 = 5з, we interpolate, obtaining 


ie (s — 1.712 


17372 ia) 217 1197) + 1197 = 1200 Btu/Ibm 
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At 40 psia and 600°F we have 


hs = 1333 Btu/lbm and 55 = 1.862 Btu/Ibm-°R 
In the quality region use sg = 55 and find 
1.862 — 0.175 
= рл = 0.9668 


Thus, Ag = 94 + (0.9668)(1022) = 1082 Btu/Ibm. The energy input and output are 


ав = (hs — ha) + (hy — hy) = 1333 — 1200 + 1518 — 94 = 1557 Btu/lbm 
шт = (hs — he) + (йз — h4) = 1333 — 1082 + 1518 — 1200 = 569 Btu/Ibm 


The thermal efficiency is then calculated to be 


Шт 569 
н лк н 65 6. о 
d 1557 0.3 or 36.5% 


9.5 THE REGENERATIVE CYCLE 


In the conventional Rankine cycle, as well as in the reheat cycle, a considerable percentage of the 
total energy input is used to heat the high-pressure water from 7 to its saturation temperature. The 
crosshatched area in Fig. 9-7a represents this necessary energy. To reduce this energy, the water could 
be preheated before it enters the boiler by intercepting some of the steam as it expands in the turbine 
(for example, at state 5 of Fig. 9-7b) and mixing it with the water as it exits the first of the pumps, 
thereby preheating the water from Т; to Т. This would avoid the necessity of condensing all the steam, 
thereby reducing the amount of energy lost from the condenser. (Note that the use of cooling towers 
would allow smaller towers for a given energy output.) A cycle which utilizes this type of heating is a 
regenerative cycle, and the process is referred to as regeneration. A schematic representation of the 
major elements of such a cycle is shown in Fig. 9-8. The water entering the boiler is often referred to as 
feedwater, and the device used to mix the extracted steam and the condenser water is called a feedwater 
heater. When the condensate is mixed directly with the steam, it is done so in an open feedwater heater, 
as sketched in Fig. 9-8. 

In analyzing a regenerative cycle we must consider a control volume surrounding the feedwater 
heater (see Fig. 9-9). A mass balance would result in 


M6 = ms + т» (9.6) 


(а) (b) 


Fig. 9-7 The regenerative cycle. 
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Fig. 9-8 The major elements of the regenerative cycle. 


Open feedwater 
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Fig. 9-9 An open feedwater heater. 


An energy balance, assuming an insulated heater, neglecting kinetic and potential energy changes, gives 


mehe = mshs + mh (9.7) 
Combining the above two equations gives 
he — hp . 
= = 9.8 
Ms hs = hy M6 ( ) 


A closed feedwater heater, which can be designed into a system using only one main pump, is also 
a possibility. Figure 9-10 is a schematic diagram of a system using a closed feedwater heater. The 


Boiler 


Conden: 
Condensate (D BE 


pump 


Fig. 9-10 А closed feedwater heater. 
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Fig. 9-11 A combined reheat/regenerative cycle. 


disadvantages of such a system are that it is more expensive and its heat transfer characteristics are not 
as desirable as heat transfer in which the steam and water are simply mixed, as in the open heater. 

The closed feedwater heater is a heat exchanger in which the water passes through in tubes and the 
steam surrounds the tubes, condensing on the outer surfaces. The condensate thus formed, at tempera- 
ture 7%, is pumped with a small condensate pump into the main feedwater line, as shown, or it passes 
through a trap (a device that permits only liquid to pass through) and is fed back to the condenser or 
back to a lower-pressure feedwater heater. A mass and energy balance are also required when analyzing 
a closed feedwater heater; if pump energy requirement is neglected in the analysis, the same relationship 
[see (9.8)] results. 

The pressure at which the steam should be extracted from the turbine is approximated as follows. 
For one heater the steam should be extracted at the point that allows the exiting feedwater temperature 
Т to be midway between the saturated steam temperature in the boiler and the condenser temperature. 
For several heaters the temperature difference should be divided as equally as possible. 

Obviously, if one feedwater heater improves thermal efficiency, two should improve it more. This is, 
in fact, true, but two heaters cost more initially and are more expensive to maintain. With a large number 
of heaters it is possible to approach the Carnot efficiency but at an unjustifiably high cost. Small power 
plants may have two heaters; large power plants, as many as six. 

The regenerative cycle is afflicted by the moisture problem in the low-pressure portions of the 
turbine; hence, it is not uncommon to combine a reheat cycle and a regenerative cycle, thereby avoiding 
the moisture problem and increasing the thermal efficiency. A possible combination cycle is shown in 
Fig. 9-11. Ideal efficiencies significantly higher than for nonregenerative cycles can be realized with this 
combination cycle. 
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A final word about efficiency. We calculate the efficiency of a cycle using the turbine work output as 
the desired output and consider the rejected heat from the condenser as lost energy. There are special 
situations where a power plant can be located strategically so that the rejected steam can be utilized to 
heat or cool buildings or the steam can be used in various industrial processes. This is often referred to as 
cogeneration. Often one-half of the rejected heat can be effectively used, almost doubling the "efficiency" 
of a power plant. Steam or hot water cannot be transported very far; thus, the power plant must be 
located close to an industrial area or a densely populated area. A university campus is an obvious 
candidate for cogeneration, as are most large industrial concerns. 


EXAMPLE 9.6 The high-temperature situation of Example 9.3 is to be modified by inserting an open feedwater 
heater such that the extraction pressure is 200 kPa. Determine the percentage increase in thermal efficiency. 
Solution: Refer to the 7-s diagram of Fig. 9-7b and to Fig. 9-8. We have from Example 9.3 and the steam 
tables 
hı ~ h, = 192 kJ/kg hg ~ һу = 505 kJ/kg һ = 3690 kJ/kg h4 = 2442 kJ/kg 
Now, locate state 5. Using 55 = 5; = 7.7032 kJ/kg-K, we interpolate and find, at 200 kPa, 
_ (7.1032 — 7.5074 
> 17.7094 — 7.5074 


Jen 2870) + 2870 = 2968 kJ/kg 


We now apply conservation of mass and the first law to a control volume surrounding the feedwater heater. We 
have, using mg = 1 kg, since we are only interested in efficiency [see (9.8)], 


_ 505—192 
~ 2968 — 192 


The work output from the turbine is 
wr = ha — hs + (hs — һд)т» = 3690 — 2968 + (2968 — 2442)(0.8872) = 1189 kJ/kg 


The energy input to the boiler is gg = A3 — h; = 3690 — 505 = 3185 kJ/kg. The thermal efficiency is calculated 
to be 


= 0.1128 kg and m» = 0.8872 kg 


т5 


1189 
n= а = 0.3733 


The increase in efficiency is 


0.3733 — 0.3568 


% increase = ( 03568 


) (200) = 4.62% 


EXAMPLE 9.7 An open feedwater heater is added to the reheat cycle of Example 9.5. Steam is extracted where 
the reheater interrupts the turbine flow. Determine the efficiency of this reheat/regeneration cycle. 
Solution: A 7-s diagram (Fig. 9-12a) is sketched to aid in the calculations. From the steam tables or from 
Example 9.5, 
һ ~ hy = 94 Btu/Ibm 7 & hg = 236 Btu/Ibm h3 = 1518 Btu/Ibm 
hs = 1333 Btu/Ibm hg = 1082 Btu/lbm h4 = 1200 Btu/Ibm 
Continuity and the first law applied to the heater give [see (9.8)] 


Ае = | 236—94 
= fgets 130004 


= 0.128 Ibm and т» = 0.872 Ibm 


ma 


The turbine work output is then 


wr = hy — h4 + (hs — һ)т» = 1518 — 1200 + (1333 — 1082)(0.872) = 537 Btu/Ibm 
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The energy input is qg = h3 — hg = 1518 — 236 = 1282 Btu/Ibm. The efficiency is calculated to be 


537 


= = 0 
n= тор 0.419 ог 41.9% 


Note the substantial improvement in cycle efficiency. 


(a) (b) 
Fig. 9-12 


9.6 THE SUPERCRITICAL RANKINE CYCLE 


The Rankine cycle and variations of the Rankine cycle presented thus far have involved heat 
addition during the vaporization process; this heat transfer process occurs at a relatively low tempera- 
ture, say 250°C, at a pressure of 4 MPa, yet the hot gases surrounding the boiler after combustion are 
around 2500°C. This large temperature difference makes the heat transfer process quite irreversible; 
recall that to approach reversibility the heat transfer process must occur over a small temperature 
difference. Hence, to improve the plant efficiency it is desirable to increase the temperature at which 
the heat transfer takes place. This will, of course, also improve the cycle efficiency since the area 
representing work will be increased. To get closer to the Carnot cycle efficiency, the temperature of 
the working fluid should be as near the temperature of the hot gases as possible. The supercritical 
Rankine cycle accomplishes this, as sketched on the 7-s diagram in Fig. 9.13a. Note that the quality 


30 MPa 


5 
(а) (b) 


Fig. 9-13 Supercritical Rankine cycles. 
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region is never entered during the heat-addition process. At these high pressures the pipes and associated 
fluid handling equipment must be quite massive, capable of resisting the large pressure forces. The added 
cost of this more massive structure must be justified by the increase in efficiency and power output. 

If the high-pressure superheated steam is expanded isentropically (insulated and without losses) 
through the turbine to a relatively low condenser pressure, it is obvious that a Rankine cycle will result 
in too high a moisture content in the low-pressure portion of the turbine. To eliminate this problem two 
reheat stages may be employed, and to maximize the cycle efficiency several regenerative stages may be 
utilized. Figure 9-13b shows six regenerative stages and two reheat stages. Example 9.8 illustrates a cycle 
with two reheat and two regenerative stages. 


EXAMPLE 9.8 А supercritical reheat/regeneration cycle is proposed to operate as shown in the 7-s diagram in 
Fig. 9-14, with two reheat stages and two open feedwater heaters. Determine the maximum possible cycle 
efficiency. 

Solution: The enthalpies are found from the steam tables to be 


hy ~ hy = 192 kJ/kg h4 & hs = 1087 kJ/kg hg = 3674 kJ/kg 
һу = 505 kJ/kg hg = 3444 kJ/kg hio = 3174 kJ/kg 
6.2339 — 6.0709 
8% = 57 em O23) „у == КЕ A 505) (2961 — 2801) + 2801 = 2891 kJ/kg 
Sg = So = 7.3696 


A E — 7.2803 
‚пу = 


7.5074 — 7.2803 
510 = $11 = 8.0636 kJ/kg.K 
8.0636 — 0.6491 
<. X11 = Fo 7 = 0.9883 
+. hy = 192 + (0.9883)(2393) = 2557 kJ/kg 


(авто 2769) + 2769 = 2809 kJ/kg 


Next, we apply the first law to each of the two heaters. Assume that m = 1 kg/s. The other mass fluxes are 
shown on the 7-s diagram in Fig. 9-15. We find, from the first law applied to the high-pressure heater, 


h;— h, 1087 — 505 


hs = har; + (1 — тїйт)һ» ле с == = kg/s 


From the first law applied to the low-pressure heater, we find 


(1 = т)һ; = туйу + (1 — m = т»)һ› 


E (1 = m17)h3 = hy + rh» 
-Mg = 


ho — hz 
_ (1 = 0.2439) (505) — 192 + (0.2434)(192) _ 
‘i 2809 — 192 = 0.0904 kg/s 


The power from the turbine is calculated to be 


Wr = (1)(hg — h7) + (1 — тз) (hg — ho) + (1 — тл — то) (о — hi) 
= 3444 — 2891 + (0.7561)(3674 — 2809) + (0.6657)(3174 — 2557) = 1609 kW 


The boiler energy input is 


Qs = (1)(% — hs) + (1 — тз) (hg — №5) + (1 = m; — )(һ0- ho) 
= 3444 — 1087 + (0.7561)(3674 — 2891) + (0.6657)(3174 — 2809) = 3192 kW 


The cycle efficiency is fairly high at 


1609 


= кз 0 
n= 95 = 0-504 ог504% 
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This higher efficiency results from the extremely high pressure of 30 MPa during the heat addition process. The 
associated savings must justify the increased costs of the massive equipment needed in a high-pressure system. 


Note: The fact that state 11 is in the quality region is not of concern since x; is quite close to unity. As the next 
section demonstrates, losses will increase the entropy of state 11, with the result that state 11 will actually be in 
the superheated region. 


© ® 


i 
T6 = Tg = 600 °C 


T y= 350 °С 


Fig. 9-15 


9.7 EFFECT OF LOSSES ON POWER CYCLE EFFICIENCY 


The preceding sections dealt with ideal cycles assuming no pressure drop through the pipes in the 
boiler, no losses as the superheated steam passes over the blades in the turbine, no subcooling of the water 
leaving the condenser, and no pump losses during the compression process. The losses in the combustion 
process and the inefficiencies in the subsequent heat transfer to the fluid in the pipes of the boiler are not 
included here; those losses, which are in the neighborhood of 15 percent of the input energy in the coal or 
oil, would be included in the overall plant efficiency. 

There is actually only one substantial loss that must be accounted for when we calculate the actual 
cycle efficiency: the loss that occurs when the steam is expanded through the rows of turbine blades in the 
turbine. As the steam passes over a turbine blade, there is friction on the blade and the steam may 
separate from the rear portion of the blade. In addition, heat transfer from the turbine may occur, 
although this is usually quite small. These losses result in a turbine efficiency of 80 to 89 percent. Turbine 
efficiency is defined as 


Wa 
= — 9.9 
TIT w, (9.9) 

where w, is the actual work and w, is the isentropic work. 
The definition of pump efficiency, with pump work taken into account, is 

Ws 
np = — 9.10 
LI (9.10) 


where the isentropic work input is obviously less than the actual input. 

There is a substantial loss in pressure, probably 10 to 20 percent, as the fluid flows from the pump 
exit through the boiler to the turbine inlet. The loss can be overcome by simply increasing the exit 
pressure from the pump. This does require more pump work, but the pump work is still less than 
1 percent of the turbine output and is thus negligible. Consequently, we ignore the boiler pipe losses. 

The condenser can be designed to operate such that the exiting water is very close to the saturated 
liquid condition. This will minimize the condenser losses so that they can also be neglected. The resulting 
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Adiabatic 
process 


Fig. 9-16 The Rankine cycle with turbine losses. 


actual Rankine cycle is shown on the 7-5 diagram in Fig. 9-16; the only significant loss is the turbine loss. 
Note the increase in entropy of state 4 as compared to state 3. Also, note the desirable effect of the 
decreased moisture content of state 4; in fact, state 4 may even move into the superheated region, as shown. 


EXAMPLE 9.9 A Rankine cycle operates between pressures of 2 MPa and 10 kPa with a maximum tempera- 
ture of 600°C. If the insulated turbine has an efficiency of 80 percent, calculate the cycle efficiency and the 
temperature of steam at the turbine outlet. 
Solution: From the steam tables we find A; ~ hy = 192 kJ/kg, h4 = 3690 kJ/kg, and s, = 7.7032 kJ/kg-K. 
Setting sy = 5з we find the quality and enthalpy of state 4’ (see Fig. 9-16) to be 
7.7032 — 0.6491 
Е 55015 


From the definition of turbine efficiency, 


= 0.9403 ha = 192 + (0.9403)(2393) = 2442 kJ/kg 


Wa 


0.8 = 3690 — 2442 


wa = 998 kJ/kg 


The cycle efficiency is then 

Wa _ 998 

qg 3690- 192 
Note the substantial reduction from the ideal cycle efficiency of 35.7 percent as calculated in Example 9.3. 


If we neglect kinetic and potential energy changes, the adiabatic process from state 3 to state 4 allows us to write 


wa = h; — hy 998 = 3690 — hy h4 = 2692 kJ/kg 


= 0.285 or 28.5% 


n= 


At 10 kPa we find that state 4 is in the superheated region. The temperature is interpolated to be 


r, — (2692 = 2688 
4 — \ 2783 — 2688 


Jaso 100) + 100 = 102°C 


Obviously, the moisture problem has been eliminated by the losses in the turbine; the losses tend to act as a small 
reheater. 


9.8 THE COMBINED BRAYTON-RANKINE CYCLE 


The Brayton cycle efficiency is quite low primarily because a substantial amount of the energy input 
is exhausted to the surroundings. This exhausted energy is usually at a relatively high temperature and 
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Р = const. 


Fig. 9-17 Тһе combined Brayton-Rankine cycle. 


thus it can be used effectively to produce power. One possible application is the combined Brayton- 
Rankine cycle in which the high-temperature exhaust gases exiting the gas turbine are used to supply 
energy to the boiler of the Rankine cycle, as illustrated in Fig. 9-17. Note that the temperature To of the 
Brayton cycle gases exiting the boiler is less than the temperature T; of the Rankine cycle steam exiting 
the boiler; this is possible in the counterflow heat exchanger, the boiler. 

To relate the air mass flux m, of the Brayton cycle to the steam mass flux m, of the Rankine cycle, we 
use an energy balance in the boiler; it gives (see Fig. 9-17), 


Ma(hg — ho) = т,(һҙ — hy) (9.11) 


assuming no additional energy addition in the boiler, which would be possible with an oil burner, for 
example. 

The cycle efficiency would be found by considering the purchased energy as Q;,, the energy input in 
the combustor. The output is the sum of the net output Ўст from the gas turbine and the ouput Ўт 
from the steam turbine. The combined cycle efficiency is thus given by 


Е War + Ит 
Qin 


An example will illustrate the increase in efficiency of such a combined cycle. 


(9.12) 


EXAMPLE 9.10 A simple steam power plant operates between pressures of 10 kPa and 4 MPa with a 
maximum temperature of 400°C. The power output from the steam turbine is 100 MW. A gas turbine provides 
the energy to the boiler; it accepts air at 100 kPa and 25^C, has a pressure ratio of 5, and a maximum 
temperature of 850°C. The exhaust gases exit the boiler at 350 K. Determine the thermal efficiency of the 
combined Brayton-Rankine cycle. 
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Solution: If we neglect the work of the pump, the enthalpy remains unchanged across the pump. Hence, 
hy = һу = 192 kJ/kg. At 400°C and 4 MPa we have л; = 3214 kJ/kg and s, = 6.7698 kJ/kg-K. State 4 is 
located by noting that 54 = 8; so that the quality is 


54 —5у _ 6.798 — 0.6491 


Nee т 7.5019 id 


Thus, hg = hy + хай; = 192 + (0.8159) (2393) = 2144 kJ/kg. The steam mass flux is found using the turbine 
output as follows: 


Wer = rhy — h4) 100000 = m,(3214 — 2144) т, = 93.46 kg/s 


Considering the gas-turbine cycle, 
p = D/k 
T; = T; (%) = (298)(5)°7°' = 472.0 K 


Also, 


Thus we have, for the boiler, 
ms(h3 — hy) = т.С,(Т; — Т») (93.46)(3214 — 192) = (m,)(1.00)(709.1 — 350) 
та = 786.5 kg/s 
The output of the gas turbine is (note that this is not Ист) 
Weurb = m4C,(T; — Tg) = (786.5)(1.00)(1123 — 709.1) = 325.5 MW 
The energy needed by the compressor is 


Weomp = С, (Ts — Ts) = (786.5)(1.00)(472 — 298) = 136.9 MW 


Hence, the net gas turbine output is Ўст = Wi = Weomp = 325.5 — 136.9 = 188.6 MW. The energy input by 
the combustor is 


Оһ = mgC,(T7 — Ts) = (786.5)(1.00)(1123 — 472) = 512 MW 
The above calculations allow us to determine the combined cycle efficiency as 
Wsr + Wor 100 + 188.6 
Et aero a 
Note that this efficiency is 59.3 percent higher than the Rankine cycle (see Example 9.2) and 52.8 percent higher 


than the Brayton cycle (see Example 8.9). Cycle efficiency could be increased even more by using steam 
reheaters, steam regenerators, gas intercoolers, and gas reheaters. 


= 0.564 ог 56.4% 


Solved Problems 


91 А steam power plant is designed to operate on a Rankine cycle with a condenser outlet tempera- 
ture of 80°C and boiler outlet temperature of 500°C. If the pump outlet pressure is 2 MPa, 
calculate the maximum possible thermal efficiency of the cycle. Compare with the efficiency of a 
Carnot engine operating between the same temperature limits. 
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To calculate the thermal efficiency we must determine the turbine work and the boiler heat transfer. The 
turbine work is found as follows (refer to Fig. 9-1): 
At state 3: hz = 3468 kJ/kg s3 = 7.432 kJ /kg-K 
At state 4: $4 = 53 = 7.432 = 1.075 + 6.538х4 
Thus ха = 0.9723, h4 = 335 + (0.9723)(2309) = 2580 kJ/kg, and wr = h3 — h4 = 3468 — 2580 = 888 kJ/kg. 


The boiler heat, assuming that л, = ћу (the pump work is negligible), is qg =h3 — hy = 3468 — 335 = 
3133 kJ/kg. The cycle efficiency is then 


шт 888 
= — = —— = 0.283 28.39 
n PS 3133 0 Or % 
The efficiency of a Carnot cycle operating between the high and low temperatures of this cycle is 
Т, 353 А 


9.2 For the ideal Rankine cycle shown in Fig. 9-18 determine the mass flow rate of steam and the 
cycle efficiency. 


The turbine output is shown to be 20 MW. Referring to Fig. 9-1, we find 


һу = 3422 kJ/kg, зз = 6.881 kI/kg-K 
54 = 53 = 6.881 = 0.649 + 7.502x, 
2.54 = 0.8307 <. h4 = 192 + (0.8307) (2393) = 2180 kJ/kg 


The mass flux is now calculated to be 


WŴr Wr 20000 
wr  hy—h, 3422—2180 


т = 


= 16.1 kg/s 


The boiler heat transfer, neglecting the pump work so that hy & hy, is 
ав = ha — hy = 3422 — 192 = 3230 kJ/kg 
The cycle efficiency is found to be 


|. Wr Wr _ 2000  — " 
= 5. = бы; ^ (161/3230) = 0.385 ог 38.5% 


Condenser 


Fig. 9-18 


CHAP. 9] VAPOR POWER CYCLES 231 


9.3 


9.4 


9.5 


A solar bank of collectors with an area of 8000 ft? supplies energy to the boiler of a Rankine cycle 
power plant. At peak load the collectors provide 200 Btu/ft?-hr to the working fluid. The R134a 
working fluid leaves the boiler at 300 psia and 240 °F and enters the pump at 100°F. Determine 
(a) the pump work, (b) the cycle efficiency, (c) the mass flux of the R134a, and (d) the maximum 
power output. 


(a) The pump work requirement for this ideal cycle is (refer to Fig. 9-1) 


wp = (Р — P,)v = [(300 — 138.8)(144)](0.01385) 
= 321.5 ft-Ibf/Ibm or 0.413 Btu/Ibm 


(b) To calculate the thermal efficiency we must know the boiler heat input. It is qg = h4 —h) = 
146.2 — (44.23 + 0.413) = 101.6 Btu/Ibm, where the enthalpy at the pump outlet, state 2, is the inlet 
enthalpy h, plus wp. 


We must also calculate the turbine work output. To locate state 4 we use the entropy as follows: 
53 = 54 = 0.2537 Btu/lbm-°R. This is in the superheated region. Interpolating for the state at 
P, = 138.8 psia and 54 = 0.2537, we find that h4 = 137.5 Btu/Ibm. This result requires a double interpola- 
tion, so care must be taken. The turbine work is thus 


wr = һу — h4 = 146.2 — 137.5 = 8.7 Btu/lbm 
The cycle efficiency is 


Шт = шр  8.7— 0.413 
= = = 0.082 8.29 
n os 1016 0.0 ог 8.2% 


(c) To find the mass flux, we use the total heat flux input from the collectors: Ов = (200)(8000) = 
тав = m(101.6). This results in m = 15,700 Ibm/hr or 4.37 Ibm/sec. 


(d) The maximum power output is Wp = тшт = (15,700)(8.7) = 137,000 Btu/hr or 53.7 hp. We have used 
the conversion 2545 Btu/hr = 1 hp. 


The steam of a Rankine cycle, operating between 4 MPa and 10 kPa, is reheated at 400 kPa to 
400°C. Determine the cycle efficiency if the maximum temperature is 600°C. 
Referring to Fig. 9-6, we find from the steam tables the following: 
hy = h, = 191.8 kJ/kg, һу = 3674.4 kJ/kg, hs = 3273.4 kJ/kg, 
s4 = 83 = 7.369 kJ/kg.K. 56 = 85 = 7.899 kJ/kg.K. 


For the two isentropic processes we calculate the following: 


= 00 Interpolate: h4 = 2960 kJ/k 
nterpolate: = 
P, = 400 kPa р i x 
5 = 7.898 = 0.649 + 7.501х, с.х = 0.9664 с. hg = 191.8 + 0.9664 x 2392.8 = 2504 kJ/kg 


The heat transfer to the boiler is 

ав = hy — hy + h; — h4 = 3674 — 192 + 3273 — 2960 = 3795 kJ/kg 
The work output from the turbine is 

wr = hs — h4 + hs — hg = 3674 — 2960 + 3273 — 2504 = 1483 kJ/kg 
The cycle efficiency is finally calculated to be 


wr 1483 
= — = —— = 0.391 39.19 
n "m 3795 0 or Уо 


An ideal reheat Rankine cycle operates between 8 MPa and 4 kPa with а maximum temperature 
of 600°C (Fig. 9-19). Two reheat stages, each with a maximum temperature of 600°C, are to be 
added at 1 MPa and 100 kPa. Calculate the resulting cycle efficiency. 
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OMONO 


Fig. 9-19 
From the steam tables we find 
hy S h, = 121.5 kJ/kg h, = 3642 kJ/kg hs = 3698 kJ/kg h = 3705 kJ/kg 
53 = 84 = 7.021 kJ /kg-K 55 = sg = 8.030 kJ /kg-K 57 = sg = 9.098 kJ /kg-K 


We interpolate at each of the superheated states 4, 6, and 8: 


s4 = 7.021 kJ/kg.K s = 8.030 kJ /kg-K 


| <. h4 = 2995 kJ/kg | <. he = 2972 kJ/kg 


P, = 1 MPa Р, = 100 kPa 
sg = 9.098 kJ/kg.K 

<. hg = 2762 kJ/kg 
P; = 4 kPa 


The boiler heat transfer is 

ав = hz — hy + hs — hy + ћу — hg = 3642 — 122 + 3698 — 2995 + 3705 — 2972 = 4956 kJ/kg 
The turbine work is 

шт = hz — h4 + hs — hg + һу — hg = 3642 — 2995 + 3698 — 2972 + 3705 — 2762 = 2316 kJ/kg 


The cycle efficiency is then calculated to be 


_ wr _ 2316 | 
n= 2 = уф = 0467 01 46.7% 


9.6 Тһе condenser pressure of a regenerative cycle is 3 kPa апа the feedwater pump provides а 
pressure of 6 MPa to the boiler. Calculate the cycle efficiency if one open feedwater heater is 
to be used. The maximum temperature is 600°C. 


The pressure at which the steam passing through the turbine is intercepted is estimated by selecting a 
saturation temperature half way between the boiler saturation temperature and the condenser saturation 
temperature; i.e., referring to Fig. 9-7, T; = (5)(275.6 + 24.1) = 149.8°C. The closest pressure entry to this 
saturation temperature is at 400 kPa. Hence, this is the selected pressure for the feedwater heater. Using the 
steam tables, we find 


hy = hy = 101 kJ/kg h7 = hg = 604.3 kJ/kg 
hy = 3658.4 kJ/kg 53 = s4 = 55 = 7.168 kJ/kg.K 
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For the isentropic processes we find 


55 = 7.168 kJ/kg.K 


©. hs = 2859 КЈ/К 
Ps = 0.4 MPa | 3 № 


54 = 7.168 = 0.3545 + 8.2231х4 2. X4 = 0.8286 <. h4 = 101 + (0.8286)(2444.5) = 2126 kJ/kg 
If we assume тє = 1 kg/s, we find from (9.8) that 


hs — h . 640 — 101 
— ре = 
hs— h, 6 12859 — 101 


115 


jo — 0.195 kg/s 
Then we have: 

m = mg — ms = 1 — 0.195 = 0.805 kg/s 

Ов = ть(һз — h7) = (1)(3658 — 604) = 3054 kW 

Wr = rùg(h3 — hs) + m;(hs — h4) = (1)(3658 — 2859) + (0.805) (2859 — 2126) = 1389 kW 
The cycle efficiency is finally calculated to be 


ү. 1389 
n= = = = = 0.455 ог 45.5% 
Ов» 3054 


9.7 For the regenerative cycle shown in Fig. 9-20 determine the thermal efficiency, the mass flux of 
steam, and the ratio of rejected heat to added heat. Neglect pump work. 


Referring to Fig. 9-7b to identify the states and using the steam tables, we find 


hy = hı = 191.8 kJ/kg hg S h; = 762.8 kJ/kg h3 = 3625.3 kJ/kg 
The enthalpies of states 4 and 5 are determined by assuming an isentropic process as follows: 
= s3 = 6.904 kJ/kg K 
PTUS /kg ©. hs = 2932 kJ/kg 
Р; = 1 MPa 
$4 = 53 = 6.904 = 0.6491 + 7.50194 г. X4 = 0.8338 


<. h4 = 191.8 + (0.8338)(2392.8) = 2187 kJ/kg 


An energy balance on the heater, which is assumed insulated, is m5(hs — hg) = m2(h7 — һә). A mass balance 
provides (see Fig. 9-10) m; = ms + mz. Assuming m7 = 1 kg/s, the above two equations are combined to give 
= hs — he = 2932 — 763 

= Ау = ths—he 763 — 192 + 2932 — 763 


т» = 0.792 kg/s 


0, 


Closed feedwater 
heater 


Condenser 
Condensate 
pump 


Fig. 9-20 
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We then have ms = 1 — m; = 1 — 0.792 = 0.208 kg/s. The turbine power (with m7 = 1 kg/s) can now be 
calculated to be 


Wr = m7(h3 — hs) + ma(hs — h4) = (1.0)(3625 — 2932) + (0.792)(2932 — 2187) = 1283 kW 
The boiler heat rate is 
Ор = m17(h3 — h7) = (1.0)(3625 — 763) = 2862 kW 


The cycle efficiency is calculated to be 


n= ш = 1283 = 0.448 ог 44.8% 
Ов 2862 
The mass flux of steam is found as 
Wr 20 
тт = — = = 15.59 kg/s 
(Wr) with ту = 1 1.283 
The ratio of rejected heat to added heat is 
Oo = шо NM NEU ad 
Ов Ов Ов 2862 


A power plant operates оп a reheat/regenerative cycle in which steam at 1000°F and 2000 psia 
enters the turbine. It is reheated at a pressure of 400 psia to 800°F and has two open feedwater 
heaters, one using extracted steam at 400 psia and the other using extracted steam at 80 psia. 
Determine the thermal efficiency if the condenser operates at 2 psia. 


Refer to the 7-5 diagram of Fig. 9-11 to identify the various states. The pump power requirements are 
negligible. From the steam tables the enthalpies are 


hy = һу = 94 Btu/Ibm һу = 282 Btu/Ibm hs = 424 Btu/Ibm 
he = 1474 Btu/Ibm hg = 1417 Btu/lbm 
The enthalpies of states 7, 9, and 10 are found assuming isentropic processes as follows: 


57 = 86 = 1.560 Btu/Ibm-°R 
<. h; = 1277 Btu/Ibm 


P; = 400 psia 
$9 = sg = 1.684 Btu/Ibm-^R 
<. һә = 1235 Btu/lbm 
Py = 80 psi 
510 = sg = 1.684 = 0.17499 + 1.7448x19 г. X10 = 0.8649 


<. hio = 94 + (0.8649)(1022) = 978 Btu/Ibm 


Using an energy balance on each heater [see (9.8)], we find, assuming ms = 1 Ibm/sec, 


кте” 424 — 282 
E — 24—38? L 0.1427 1b 
ЛБ ss 1277—2835 0 mee 
EN е ср 282 — 94 
= icum \(1 — 0.1427) = 0.1413 Ib 
mi r (oss = i) EINER NUS 


A mass balance gives my = 1 — m7 — то = 1 — 0.1427 — 0.1413 = 0.716 Ibm/sec; now 
О» = (I)(hg — hs) + (1 — m) (hg — №5) = 1474 — 424 + (1 — 0.1427)(1417 — 1277) = 1170 Btu/sec 
Wr = (1)(hg — h7) + (1 — riz) (hg — ho) + ri; (ho — hio) 
= 1474 — 1277 + (1 — 0.1427)(1417 — 1235) + (0.716)(1235 — 978) = 537 Btu/sec 
_ Wr _ 537 


= "= 25 9.459 or 45.99 
oe Peek следы о, 


CHAP. 9] VAPOR POWER CYCLES 235 


9.9 Тһе turbine of Prob. 9.2 is 87 percent efficient. Determine the mass flow rate and the cycle 
efficiency with Wy = 20 MW. 


Referring to Fig. 9-16 and using the steam tables, we find the following enthalpies: 


hy = 3422 kJ/kg hy = hy = 192 kJ/kg sy = s3 = 6.881 = 0.649 + 7.502x4 
с. xy = 0.8307 <. hy = 192 + (0.8307) (2393) = 2180 kJ/kg 


The calculation is completed as follows: 


w, = hy — hy = 3422 — 2180 = 1242 kJ/kg 
ша = тш, = (0.87) (1242) = 1081 kJ/kg 
"n Wr = 20 000 
ш, 1081 
Wr Wr 20000 


-—- - = 0.317 or 31.79 
io. ген ка (SG Шол 


= 18.5 kg/s 


9.10 The turbine of a Rankine cycle operating between 4 MPa and 10 kPa is 84 percent efficient. If the 
steam is reheated at 400 kPa to 400°C, determine the cycle efficiency. The maximum temperature 
is 600°C. Also, calculate the mass flux of condenser cooling water if it increases 10°C as it passes 
through the condenser when the cycle mass flux of steam is 10 kg/s. 


Referring to Figs. 9-6 and 9-16 and using the steam tables, we find the following enthalpies: 


hy = hy = 192 kJ/kg hs = 3674 kJ/kg hs = 3273 kJ/kg 
sy = 53 = 7.369 kJ/kg.K 
ee i <. hy = 2960 kJ/kg 
P, = 400 kPa 

sg = 55 = 7.899 = 0.649 + 7.501xg ©. xg = 0.9665 


i 
ж 
| 


= 192 + (0.9665)(2393) = 2505 kJ/kg 
We find the actual work from the turbine to be 
wr = nr(h3 — hy) + nr(hs — hg) = (0.84)(3674 — 2960) + (0.84)(3273 — 2505) = 1247 kJ/kg 


To find the boiler heat requirement, we must calculate the actual h4: 


Wa h3 = h4 3674 = h4 
[ейн зө еттт эя 0 3674 — 2960 ыы ы 
Then 
ав = һу — hy + hs — h4 = 3674 — 192 + 3273 — 3074 = 3681 kJ/kg 
wp 1247 | у 
= = gg = 0339 013399 


To find the heat rejected by the condenser we must determine the actual h6: 


Wa hs жыр he 0 84 3273 = hg 
T] = — = E L A 
HC he = hg 3273 — 2505 


he = 2628 kJ/kg 


Thus Ос = mit(hg — hy) = (10)(2628 — 192) = 24.36 MW. Because this heat is carried away by the cooling 
water, 


д, = muc, AT, 24 360 = i, (4.18)(10) m, = 583 kg/s 


9.11 A gas-turbine cycle inlets 20 kg/s of atmospheric air at 15°C, compresses it to 1200 kPa, and 
heats it to 1200°C in a combustor. The gases leaving the turbine heat the steam of a Rankine 
cycle to 350°C and exit the heat exchanger (boiler) at 100°C. The pump of the Rankine cycle 
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operates between 10 kPa and 6 MPa. Calculate the maximum power ouput of the combined cycle 
and the combined cycle efficiency. 


The temperature of gases leaving the gas turbine is (see Fig. 9-17) 
(-Ц/к 0.2857 
Ps 100 
Tg = T — = (1473) (| —— = 724.2 К 
(2) aas (с) 
The temperature of the air exiting the compressor is 
(k=1)/k 0.2857 
Pe 1200 
Ts = Ts {| = = (288) | —— = 585.8K 
=) овла) 
The net power output of the gas turbine is then 
War = Wrurb E Weomp = mC,(T; су Ts) m тС „(Т am T;) 
= (20)(1.00)(1473 — 724.2 — 585.8 + 288) = 9018 kW 


The temperature exiting the condenser of the Rankine cycle is 45.8 °С. An energy balance on the boiler 
heat exchanger allows us to find the mass flux m, of the steam: 


таС„(1% — Ty) = m,(hs — №) (20)(1.00)(724.2 — 100) = m,(3043 — 191.8) 
m, — 3.379 kg/s 
The isentropic process 3 — 4 allows h4 to be found: 
$4 = 53 = 6.3342 = 0.6491 + 7.5019x4 ха = 0.7578 
<. h4 = 191.8 + (0.7578)(2392.8) = 2005 kJ/kg 


The steam turbine output is Wer = m(h3 — h4) = (3.379)(3043 — 2005) = 3507 kW. The maximum power 
output (we have assumed ideal processes in the cycles) is, finally, 


Wout + Wor + Ит = 9018 + 3507 212525 kW. ог 12.5 MW 


The energy input to this combined cycle is Qin = т4С,(Т; — Ts) = (20)(1.00)(1473 — 585.8) = 17.74 
MW. The cycle efficiency is then 
Woa _ 125 


: —— = 0.7 
Qin 17.74 Uap 


Supplementary Problems 


A power plant operating on an ideal Rankine cycle has steam entering the turbine at 500°C and 2 MPa. If 
the steam enters the pump at 10 kPa, calculate (a) the thermal efficiency with pump work included, (5) the 
thermal efficiency neglecting pump work, and (c) the percentage error in efficiency neglecting pump work. 


An ideal Rankine cycle operates between temperatures of 500°C and 60°C. Determine the cycle efficiency and 
the quality of the turbine outlet steam if the pump outlet pressure is (а) 2 MPa, (5) 6 MPa, and (с) 10 MPa. 


The influence of maximum temperature on the efficiency of a Rankine cycle is desired. Holding the max- 
imum and minimum pressures constant at 1000 psia and 2 psia, respectively, what is the thermal efficiency if 
the boiler outlet steam temperature is (а) 800°F, (b) 1000°F, and (с) 1200°F? 


A power plant is to be operated on an ideal Rankine cycle with the superheated steam exiting the boiler at 
4 MPa and 500°C. Calculate the thermal efficiency and the quality at the turbine outlet if the condenser 
pressure is (a) 20 kPa, (5) 10 kPa, and (c) 8 kPa. 


A power plant operates on a Rankine cycle between temperatures of 600°C and 40°C. The maximum 
pressure is 8 MPa and the turbine output is 20 MW. Determine the minimum mass flow rate of cooling 
water through the condenser if a maximum temperature differential of 10°C is allowed. 
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Fig. 9-21 


Oil, with a heating value of 30 MJ/kg, is used in the boiler shown schematically in Fig. 9-21. If 85 percent of 
the energy is transferred to the working fluid, how much oil is needed per hour? 


Hot geyser water at 95°C is available to supply energy to the boiler of a Rankine cycle power plant. R134a is 
the working fluid. The maximum possible mass flux of hot water is 2.0 kg/s. The R134a exits the boiler as 
saturated vapor at 80°C, and the condenser temperature is 40°C. Calculate (a) pump work rate, (b) the 
thermal efficiency, and (c) the maximum possible power output. Assume that the hot water can equal the 
R134a temperature as it leaves the boiler. 


Coal, with a heating value of 2500 Btu/lbm, is used to provide energy to the working fluid in a boiler which 
is 85 percent efficient. Determine the minimum mass flux of coal, in Ibm/hr, that would be necessary for the 
turbine output to be 100 MW. The pump receives water at 2 psia, in the simple Rankine cycle, and delivers it 
to the boiler at 2000 psia. Superheated steam is to leave the boiler at 1000 ^F. 


6 MP. 500 
E С Тигыпе 


"m 600 kPa l 


300°C 


= 60 MW 


0; 


Сопдепвег 


Fig. 9-22 


For the ideal reheat cycle shown іп Fig. 9-22, calculate the thermal efficiency апа the pump mass flux. 


The steam passing through the turbine of the power cycle of Prob. 9.12 is reheated at 100 kPa to 400°C. 
Find the thermal efficiency. 


The steam passing through the turbine of Prob. 9.13b is reheated to 300°C at an extraction pressure of 
(а) 100 kPa, (b) 400 kPa, and (c) 600 kPa. Calculate the thermal efficiency. 


The power cycle of Prob. 9.14b is proposed for reheat. Calculate the thermal efficiency if the steam is 
reheated to 1000°F after being extracted at a pressure of (a) 400 psia, (b) 200 psia, and (c) 100 psia. 


The steam passing through the turbine of Prob. 9.17 is reheated at 600 kPa to 400°C and at 50 kPa to 
400°C. (a) What is the resulting thermal efficiency? (b) Calculate the oil needed per hour for the same power 
output of the turbine of Prob. 9.17. 
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For the ideal reheat cycle shown in Fig. 9-23, find (a) the thermal efficiency and (b) the mass flux of steam. 


9; 


Boiler 
SSC 565566 Turbine 


100 kPa 


Condenser 


Fig. 9-23 


An open feedwater heater is to be designed for the power cycle of Prob. 9.12 by extracting steam from the 
turbine at 400 kPa. Determine the thermal efficiency of the ideal regenerative cycle. 


A portion of the steam passing through the turbine of Prob. 9.13 is extracted and fed into an open feed- 
water heater. Calculate the thermal efficiency if it is extracted at a pressure of (a) 600 kPa, (b) 800 kPa, and 
(c) 1000 kPa. 


An open feedwater heater extracts steam from the turbine of Prob. 9.14b at 100 psia. Determine the thermal 
efficiency. 


A closed feedwater heater extracts steam from the turbine of Prob. 9.13b at 800 kPa. What is the thermal 
efficiency of the resulting ideal regenerative cycle? 


Part of the steam passing through the turbine of Prob. 9.17 is extracted at 1000 kPa and fed into a closed 
feedwater heater. Calculate (a) the thermal efficiency and (b) the mass flux of oil for the same power output. 


To avoid a moisture problem in the turbine of Prob. 9.16 the steam is extracted at 600 kPa and reheated to 
400°C, and an open feedwater heater, using extracted steam at the same pressure, is inserted into the cycle. 
What is the resulting thermal efficiency and the mass flux of water flowing through the feedwater pump? 


For the ideal reheat/regenerative cycle shown in Fig. 9-24 calculate (a) the thermal efficiency, (b) the mass 
flux of water fed to the boiler, and (c) the mass flux of condenser cooling water. 


1 MPa 600°C | — 


Turbine 


ЕТТІ. 
еп 
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9.33 


9.34 


9.35 


9.36 


9.37 


9.38 


9.39 


9.40 


9.41 


A power plant is to operate on a supercritical steam cycle with reheat and regeneration. The steam leaves the 
boiler at 4000 psia and 1000 ^F. It is extracted from the turbine at 400 psia; part enters an open feedwater 
heater and the remainder is reheated to 800°F. The condenser pressure is 2 psia. Assuming an ideal cycle, 
calculate the thermal efficiency. 


For the steam power cycle, operating as shown іп the 7-5 diagram of Fig. 9-25, two open feedwater heaters 
are employed. Calculate the thermal efficiency. 


Fig. 9-25 


Determine the cycle thermal efficiency if the turbine is 85 percent efficient in (a) Prob. 9.12, (5) Prob. 9.13a, 
(c) Prob. 9.14b, and (d) Prob. 9.16. 


If the turbine of Prob. 9.17 is 80 percent efficient, determine the mass flux of oil needed to maintain the same 
power output. 


Assume a turbine efficiency of 85 percent for Prob. 9.18 and calculate the thermal efficiency and the expected 
power output. 


For the simple Rankine cycle shown in Fig. 9-26 the turbine efficiency is 85 percent. Determine (a) the 
thermal efficiency, (b) the mass flux of steam, (c) the diameter of the inlet pipe to the turbine if a maximum 
velocity of 100 m/s is allowed, and (d) the mass flux of condenser cooling water. 


5.7 MPa 
580 ^C 


5.9 MPa 


20 °С Cooling 
30°C water 


Condenser 


10 kPa 


Fig. 9-26 


The actual turbine of Prob. 9.20 has an efficiency of 85 percent in the high-pressure side of the turbine and 80 
percent in the low-pressure side. Calculate the cycle thermal efficiency and the pump mass flux for the same 
power output. 


Calculate the cycle thermal efficiency if the turbine is 85 percent efficient for the cycle of Prob. 9.25. 


Calculate the cycle thermal efficiency if the turbine is 87 percent for the cycle of (a) Prob. 9.26, (b) Prob. 9.28), 
and (c) Prob. 9.29. 
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9.42 Determine the thermal efficiency for the cycle shown in Fig. 9-27 if the turbine is 85 percent efficient. 


475 °C 
5.8 MPa 
Turbine 


Fig. 9-27 


9.43 If the turbine of Prob. 9.33 is 85 percent efficient, what is the thermal efficiency of the cycle? 


9.44 Calculate the thermal efficiency of the combined cycle shown in Fig. 9-28. 


Turbine 4 MPa 350°C 


Heat 


exchanger 10 kPa 


Condenser 


750 kPa 
Compressor Water 
50°C pump 
Air 
Fig. 9-28 


9.45 А gas-turbine cycle intakes 50 kg/s of air at 100 kPa and 20°C. It compresses it by a factor of 6 and the 
combustor heats it to 900 °C. It then enters the boiler of a simple Rankine cycle power plant that operates on 
steam between 8 kPa and 4 MPa. The heat exchanger-boiler outlets steam at 400°C and exhaust gases at 
300°C. Determine the total power output and the overall cycle efficiency. 


9.46 Тһе compressor and turbine of the gas cycle of Prob. 9.45 are 85 percent efficient and the steam turbine is 
87 percent efficient. Calculate the combined cycle power output and efficiency. 


Review Questions for the FE Examination 


91ЕЕ Тһе Rankine power cycle is idealized. Which of the following is not one of the idealizations? 
(A) Friction is absent. 
(B) Heat transfer does not occur across a finite temperature difference. 
(C) Pressure drops in pipes are neglected. 
(D) Pipes connecting components are insulated. 


CHAP. 


9.2FE 


9.3FE 


9.4FE 


9.5FE 


9.6FE 


9.7FE 


9.8FE 


9.9FE 


9.10FE 
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The component of the Rankine cycle that leads to relatively low cycle efficiency is: 
(A) The pump 

(B) The boiler 

(C) The turbine 

(D) The condenser 


Water passes through four primary components as it traverses a cycle in a power plant: a turbine, a condenser, a 
pump, and a boiler. Estimate the heat rejected in the condenser if Өрде = 60 MJ/s, Wig, = 20 x 10° N-m/s, 
and Wpump = 100 hp. 

(A) 174 MJ/s 

(B) 115 MJ/s 


(С) 52 MJ/s 
(D) 40 MJ/s 
Find ав in the Rankine cycle of Fig. 9-29. PA 


(A) 3410 kJ/kg 
(B) 3070 kJ/kg 
(C) 1050 kJ/kg 
(D) 860 kJ/kg 


Cooling water 
-— 


Find шт of the turbine of Fig. 9-29. 
(A) 3410 kJ/kg 

(B) 3070 kJ/kg Pump 

(C) 1050 kJ/kg 

(D) 860 kJ/kg Fig. 9-29 


Condenser 


Find wp of the pump of Fig. 9-29. 
(A) 4 kJ/kg 

(B) 6 kJ/kg 

(C) 8 kJ/kg 

(D) 10 kJ/kg 


The thermal efficiency of the turbine in Fig. 9-29 is nearest: 
(A) 64% 
(B) 7296 
(C) 76% 
(D) 81% 


The cooling water in Fig. 9-29 is allowed a 10°C increase. If steam = 2 kg/s, determine тооп water if the 
quality of the steam leaving the condenser is just 0.0. 

(A) 80 kg/s 

(B) 91 kg/s 

(C) 102 kg/s 

(D) 113 kg/s 


An open feedwater heater accepts superheated steam at 400 kPa and 200°C and mixes the steam with 
condensate at 20 kPa from an ideal condenser. If 20 kg/s flows out of the condenser, estimate m of the 
superheated steam. 

(A) 2.26 kg/s 

(B) 2.71 kg/s 

(C) 3.25 kg/s 

(D) 3.86 kg/s 


How much heat is transferred from the superheated steam of Question 9.9FE? 
(A) 3860 kJ/s 
(B) 4390 kJ/s 
(C) 5090 kJ/s 
(D) 7070 kJ/s 
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9.12 
9.13 
9.14 
9.15 
9.16 
9.17 
9.18 
9.19 
9.20 
9.21 
9.22 
9.23 
9.24 
9.25 
9.26 
9.277 
928 
9.29 
9.30 
9.31 
9.32 
9.33 
9.34 
9.35 
9.36 
9.37 
9.38 
9.39 
9.40 
9.41 
9.42 
9.43 
9.44 
9.45 
9.46 
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Answers to Supplementary Problems 
(а) 33.9% (Б) 34.0% (с) 0.29% 
(a) 31.6%, 0.932 (b) 36.4%, 0.855 (с) 38.5%, 0.815 
(а) 37.0% (Б) 38.7% (с) 40.4% 
(а) 34.9%, 0.884 (Б) 36.3%, 0.865 (с) 37.5%, 0.851 
664 kg/s 
13480 kg/h 
(а) 0.973 КМ (D) 9.8% (с) 13.2 kW 
217,000 Ibm/hr 
38.4%, 44.9 kg/s 
34.2% 
(а) 34.1% (Б) 36.0% (с) 36.3% 
(а) 40.2% (Б) 40.6% (с) 40.5% 
(а) 40.3% (Б) 14000 kg/h 
(а) 42.0% — (b) 27.3 kg/s 
35.6% 
(а) 38.7% (Б) 38.8% (с) 38.7% 
41.2% 
38.8% 
(а) 44.8% — (b) 12600 kg/h 
44.7%, 13.59 kg/s 
(а) 47.2% — (b) 67.8 kg/s (с) 2680 kg/s 
46.6% 
50.5% 
(а) 28.8% (Б) 26.9% (с) 32.9% (а) 35.6% 
16850 kg/h 
8.2%, 11.2 W 
(а) 38.4% (8) 29.6 kg/s (с) 16.1 ст (а) 1480 kg/s 
34.0%, 54.6 kg/s 
35.7% 
(а) 31.0% (Б) 34.5% (с) 33.8% 
31.5% 
40.9% 
56% 
16 MW, 47% 
11.6 MW, 35.8% 


Answers to Review Questions for the FE Examination 


9.1FE (B) 9.2ЕЕ (В) 9.3FE(D) 9.4FE(A) 9.5FE(C) 9.6FE(B) 9.7FE(D) 9.8FE (D) 
9.10FE (D) 
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9.9FE (B) 


CHAPTER 10 


Refrigeration Cycles 


10.1 INTRODUCTION 


Refrigeration involves the transfer of heat from a lower-temperature region to a higher-temperature 
region. If the objective of the device that accomplishes the heat transfer is to cool the lower-temperature 
region, the device is a refrigerator. If the objective is to heat the higher-temperature region, the device is 
referred to as a heat pump. Refrigeration devices most often operate on a cycle that uses a refrigerant that 
is vaporized in the cycle, but refrigeration can also be accomplished by a gas, as is done on aircraft. In 
some special cases, absorption refrigeration cycles are used, especially on large university campuses. 
Each of these cycles will be presented in this chapter. 


10.2 THE VAPOR REFRIGERATION CYCLE 


It is possible to extract heat from a space by operating a vapor cycle, similar to the Rankine cycle, in 
reverse. Work input is, of course, required in the operation of such a cycle, as shown in Fig. 10-1a. 

The work is input by a compressor that increases the pressure, and thereby the temperature, through 
an isentropic compression process in the ideal cycle. The working fluid (often R134a) then enters a 
condenser in which heat is extracted, resulting in saturated liquid. The pressure is then reduced in an 
expansion process so that the fluid can be evaporated with the addition of heat from the refrigerated 
space. 

The most efficient cycle, a Carnot cycle, is shown in Fig. 10-1b. There are, however, two major 
drawbacks when an attempt is made to put such a cycle into actual operation. First, it is not advisable to 
compress the mixture of liquid and vapor as represented by state 1 in Fig. 10-1b since the liquid droplets 
would cause excessive wear; in addition, equilibrium between the liquid phase and the vapor phase is 
difficult to maintain in such a process. Hence, in the ideal refrigeration cycle a saturated vapor state is 
assumed at the end of the evaporation process; this allows superheated vapor to exist in the compressor, 
as shown by process 1-2 in Fig. 10-1c. Second, it would be quite expensive to construct a device to be 
used in the expansion process that would be nearly isentropic (no losses allowed). It is much simpler to 
reduce the pressure irreversibly by using an expansion valve which employs a throttling process in which 
enthalpy remains constant, as shown by the dotted line in Fig. 10-1c. Even though this expansion process 
is characterized by losses, it is considered to be part of the “ideal” vapor refrigeration cycle. Because the 
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Heated space 


Expansion 
valve 


Refrigerated 
space 


(a) 


(b) (c) 


Fig. 10-1 Тһе vapor refrigeration cycle. 


expansion process is a nonequilibrium process, the area under the T-s diagram does not represent the net 


work input. 
The performance of the refrigeration cycle, when used as a refrigerator, is measured by 
СОР, = Qin (10.1) 
in 
When the cycle is used as a heat pump, the performance is measured by 
COPyp = Pout (10.2) 


in 
We do not calculate the efficiency of a refrigeration cycle since the efficiency is not of particular interest. 
What is of interest is the ratio of the output energy to the input energy. The coefficient of performance 
can attain values of perhaps 5 for properly designed heat pumps and 4 for refrigerators. 

The condensation and evaporation temperatures, and hence the pressures, are established by the 
particular situation that motivates the design of the refrigeration unit. For example, in a home refrig- 
erator that is designed to cool the freezer space to —18 ^C (0°Е) it is necessary to design the evaporator to 
operate at approximately —25 °С to allow for effective heat transfer between the space and the cooling 
coils. The refrigerant condenses by transferring heat to air maintained at about 20°C; consequently, to 
allow for effective heat transfer from the coils that transport the refrigerant, the refrigerant must be 
maintained at a temperature of at least 28°C. This is shown in Fig. 10-2. 
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AT — temperature differential 
necessary for effective 
heat transfer 


Temperature of cooling water 
or exterior air 


Temperature of 
cooled space 


Fig. 10-2 The refrigeration cycle showing design temperatures. 


To accomplish refrigeration for most spaces, it is necessary that the evaporation temperature be quite 
low, in the neighborhood of — 25°C, perhaps. This, of course, rules out water as a possible refrigerant. 
Two common refrigerants in use today are ammonia (NH3) and R134a (CF4CH;F). The thermodynamic 
properties of R134a are presented in Appendix D. The selection of a refrigerant depends on the two design 
temperatures shown in Fig. 10-2. For example, temperatures well below — 100°C are required to liquefy 
many gases. Neither ammonia nor R134a may be used at such low temperatures since they do not exist in a 
liquid form below — 100 ^C. Also, it is desirable to operate a refrigeration cycle such that the low pressure is 
above atmospheric pressure, thereby avoiding air contamination should a leak occur. In addition, for most 
applications the refrigerant must be nontoxic, stable, and relatively inexpensive. 

Deviations from the ideal vapor refrigeration cycle are shown on the 7-s diagram of Fig. 10-3b. 
These include: 


Pressure drops due to friction in connecting pipes. 

Heat transfer occurs from or to the refrigerant through the pipes connecting the components. 
Pressure drops occur through the condenser and evaporator tubes. 

Heat transfer occurs from the compressor. 

Frictional effects and flow separation occur on the compressor blades. 


The vapor entering the compressor may be slightly superheated. 


The temperature of the liquid exiting the condenser may be below the saturation temperature. 


(a) (b) 


Fig. 10-3 The actual refrigeration cycle showing losses. 
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Some of these effects are small and can be neglected, depending on the location of the components 
and whether the components and pipes are insulated. Also, not all of the effects are undesirable; the 
subcooling of the condensate in the condenser allows state 4 in Fig. 10-1с to move to the left, thereby 
increasing the refrigerant effect. Example 10.2 illustrates the difference between an ideal refrigeration 
cycle and an actual refrigeration cycle. 

A “ton” of refrigeration is supposedly the heat rate necessary to melt a ton of ice in 24 hours. By 
definition, 1 ton of refrigeration equals 3.52 kW (12,000 Btu/hr). 


EXAMPLE 10.1 R134a is used in an ideal vapor refrigeration cycle operating between saturation temperatures 
of — 20°C in the evaporator and 39.39 °С in the condenser. Calculate the rate of refrigeration, the coefficient of 
performance, and the rating in horsepower per ton if the refrigerant flows at 0.6 kg/s. Also, determine the 
coefficient of performance if the cycle is operated as a heat pump. 

Solution: The 7-s diagram in Fig. 10-4 is drawn as an aid in the solution. The enthalpy of each state is 
needed. From Appendix D we find that A, = 235.3 kJ/kg, Л; = h4 = 105.3 kJ/kg, and s, = 0.9332 kJ/kg-K. 
Using sı = 5), we interpolate at a pressure of 1.0 MPa, which is the pressure associated with the saturation 
temperature of 39.39 °С, and find that 


_ [0.9332 — 0.9066 
2- 10.9428 — 0.9066 


) (280.2 — 268.7) + 268.7 = 277.2 kJ/kg 


The rate of refrigeration is measured by the heat transfer rate needed in the evaporation process, namely, 
Ок = m(h, — h4) = (0.6)(235.3 — 105.3) = 78.0 kW 


T 


Fig. 10-4 


The power needed to operate the compressor is 
We = (h, — һу) = (0.6)(277.2 — 235.3) = 25.1 kW 


The coefficient of performance is then calculated to be СОР» = 78.0/25.1 = 3.10. 
The horsepower per ton of refrigeration is determined, with the appropriate conversion of units, as follows: 


_ 25.1/0.746 


Hip ое = 5D 
DOL DES T 


If the above cycle were operated as a heat pump, the coefficient of performance would be 


h;-h, _ 277.2 — 105.3 


KU Т ЭЗ = БО. 5419 


COPup = 


Obviously, the COP for a heat pump is greater than the COP for a refrigerator, since Qout Must always be 
greater than Q;,. Note, however, that the heat pump in this problem heats the space with 4 times the energy 
input to the device. (It can be shown that COPyp = СОРк + 1.) 
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EXAMPLE 10.2 The ideal refrigeration cycle of Example 10.1 is used in the operation of an actual refrig- 
erator. It experiences the following real effects: 


The refrigerant leaving the evaporator is superheated to —13 °C. 
The refrigerant leaving the condenser is subcooled to 38°C. 
The compressor is 80 percent efficient. 


Calculate the actual rate of refrigeration and the coefficient of performance. 
Solution: From Appendix D we find, using T; = 38°C, that Л; = h4 = 103.2 kJ/kg. Also, from Table D-1 
we observe that Р, = 0.18 MPa. From Table D-3, at Р = 0.18 MPa and Т = —13°C, 


h, = 240 kJ/kg sı = 0.930 kJ/kg-K 
If the compressor were isentropic, then, with sy = sı and Р, — 1.0 MPa, 


hay (993 = 0.9066 
2 — 10.9428 — 0.9066 


) (280.2 — 268.7) + 268.7 = 276 kJ/kg 


From the definition of efficiency, 7 = w,/w,, we have 


һ»—Юу 276—240 rur 
xci ed <. ha = 285 kJ/kg 


The rate of refrigeration is Ôp = (0.6)(240 — 103.2) = 82 kW. Note that the real effects have actually increased 
the capability to refrigerate a space. The coefficient of performance becomes 
82 


CORR е ешр Т 


0.8 


The decrease in the COPg occurs because the power input to the compressor has increased. 


10.3 THE MULTISTAGE VAPOR REFRIGERATION CYCLE 


In Example 10.2 the subcooling of the condensate leaving the condenser resulted in increased 
refrigeration. Subcooling is an important consideration in designing a refrigeration system. It can be 
accomplished either by designing a larger condenser or by designing a heat exchanger that uses the 
refrigerant from the evaporator as the coolant. 

Another technique that can result in increased refrigeration is to place two refrigeration cycles in 
series (a two-stage cycle), operating as shown in Fig. 10-5a; the increased refrigeration is shown in 
Fig. 10-5b. This two-stage cycle has the added advantage that the power required to compress the 


Decreased 
work 


Increased 
refrigeration 


(a) (b) 


Fig. 10-5 The two-stage refrigeration cycle. 


248 REFRIGERATION CYCLES [CHAP. 10 


refrigerant is substantially reduced. Note that the high-temperature refrigerant leaving the low-pressure 
stage compressor is used to evaporate the refrigerant in the high-pressure stage. This requires a heat 
exchanger, and, of course, two expansion valves and two compressors. The additional costs of this added 
equipment must be justified by improved performance. For extremely low refrigeration temperatures 
several stages may be justified. 

The optimal value for the intermediate pressure P; is given by 


Р, = (PaP)? (10.3) 


where Py and Р; are the respective high and low absolute pressures, shown in Fig. 10-5b. In this 
discussion the same refrigerant is assumed in both systems; if different refrigerants are used, then the 
appropriate T-s diagram must be used for each fluid. 

To determine the relationship between the mass fluxes of the two systems we simply apply the first 
law (an energy balance) to the heat exchanger. This gives 


my(hs — hg) = mr (hz — hi) (10.4) 


where m y is the mass flux of the refrigerant in the high-pressure system and ту is the refrigerant mass 
flux in the low-pressure system. This gives 


hu №№ 


= 10.5 
тр hs — hg nd 


The low-pressure system actually performs the desired refrigeration. Thus, in the design process, it is this 
system that allows us to determine mz. If X tons (= 3.52 X kilowatts) of refrigeration is required, then 


The mass flux is 
3.52 X 
n, = 10.7 
my, hi — h4 (10.7) 


EXAMPLE 10.3 A two-stage cycle replaces the refrigeration cycle of Example 10.1. Determine the rate of 
refrigeration and the coefficient of performance and compare with those of Example 10.1. Use ту = 0.6 kg/s. 

Solution: Refer to Fig. 10-5 for the various state designations. Using Т) = — 20°C, we find Р; = 133 kPa. 
Also, Pg = 1000 kPa. Then, (/0.3) results in 


P; = (Pj P4)? = [(133)(1000)]'> = 365 kPa 
From Appendix D we find 
hy = 235.3 kJ/kg s; = s = 0.9332 kJ/kg-K h; = hg = 105.3 kJ/kg 


365 — 360 
hy = h4 = (4 - 30) (62.0 — 57.8) + 57.8 = 58.3 kJ/kg 


365 — 360 
55 = % = (шы) (0.9160 — 0.9145) + 0.9145 = 0.9147 kI/kg-K 


h; = (29 - =) (252.3 — 250.6) + 250.6 = 250.8 kJ/kg 
At Р, = 365 kPa we interpolate and obtain 
Tr e ПОС s = 0.9289 kJ/kg-K h = 254.4 kJ/kg 
Т= 20°С s = 0.9617 kJ/kg-K h = 263.8 kJ/kg 
This gives 


Се - 0.9259 
2 =) 


0.9617 — 3385) (263.8 — 254.4) + 254.4 = 255.6 kJ/kg 
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Also, interpolating at Р = 1.0 MPa, we find 
Com — 0.9066 
6 — 


0.9428 — 0.9066 


From the above, Ок = № (№ — h4) = (0.6)(235.3 — 58.3) = 106.2 kW. This compares with a value of 78.0 kW 
from the simple refrigeration cycle of Example 10.1. That represents a 36 percent increase in the rate of 
refrigeration. The mass flux in the high-pressure stage is found from (10.5) to be 


Т” 25 = RIN 
RES ЕБ (0.6) (xs iss) — 0.814 kg/s 


The power input to the compressors is 


Won = т (hy — hy) + ray (hg — hs) = (0.6)(255.6 — 235.3) + (0.814)(271.3 — 250.8) = 28.9 kW 


КЕШЕ 268.7) + 268.7 = 271.3 kJ/kg 


my = Т 


The coefficient of performance is now calculated to be 


Qr 106.2 
Рр = = = ~~ = 3.68 
ous W, 28.9 : 
This compares with a value of 3.10 from the refrigeration cycle of Example 10.1, a 19 percent increase. The 
advantages of using two stages is obvious when considering the increased refrigeration and performance; the 
equipment is much more expensive, however, and must be justified economically. 


10.4 THE HEAT PUMP 


The heat pump utilizes the vapor refrigeration cycle discussed in Sec. 10.2. It can be used to heat a 
house in cool weather or cool a house in warm weather, as shown schematically in Fig. 10-6. Note that in 
the heating mode the house gains heat from the condenser, whereas in the cooling mode the house loses 
heat to the evaporator. This is possible since the evaporator and the condenser are similar heat exchan- 
gers. In an actual situation, valving is used to perform the desired switching of the heat exchangers. 


Heat sink Heat sink 
(house) (air, groundwater) 


Expansion V Expansion 
valve Compressor -t— -є—— c X Comes B 
W. W. 

in in 

Heat source Heat source 

(air, groundwater) (house) 
Qr Qr 
(a) Heating (b) Cooling 


Fig. 10-6 The heat pump. 
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The heat pump system is sized to meet the heating load or the cooling load, whichever is greater. In 
southern areas where the cooling loads are extremely large, the system may be oversized for the small 
heating demand of a chilly night; an air conditioner with an auxiliary heating system may be advisable in 
those cases. In a northern area where the large heating load demands a relatively large heat pump, the 
cooling load on a warm day may be too low for effective use of the heat pump; the large cooling capacity 
would quickly reduce the temperature of the house without a simultaneous reduction in the humidity, a 
necessary feature of any cooling system. In that case, a furnace which provides the heating with an 
auxiliary cooling system is usually advisable. Or, the heat pump could be designed based on the cooling 
load, with an auxiliary heater for times of heavy heating demands. 


EXAMPLE 10.4 A heat pump using R134a is proposed for heating a home that requires a maximum heating 
load of 300 kW. The evaporator operates at — 12 °С and the condenser at 900 kPa. Assume an ideal cycle. 


(a) Determine the COP. 

(b) Determine the cost of electricity at $0.08/kWh. 

(c) Compare the R134a system with the cost of operating a furnace using natural gas at $0.75/therm if 
there are 100000 kJ/therm of natural gas. 

Solution: 

(а) The T-s diagram (Fig. 10-7) is sketched for reference. From Appendix D we find №; = 240.2 kJ/kg, 
sı = 52 = 0.9267 kJ/kg-K, and л; = h4 = 99.56 kJ/kg. Interpolating, there results 


_ (0.9267 — 0.9217 
2 10.9566 — 0.9217 


) (282.3 271.2) + 271.2 = 272.8 kJ/kg 


The heat rejected by the condenser is 
О. = (h, — h3) 300 = m (272.8 — 99.56) 


This gives the refrigerant mass flux as m = 1.732 kg/s. The required power by the compressor is then 
Win = m(hy — һу) = (1.732)(272.8 — 240.2) = 56.5 kW. This results in a coefficient of performance of 


2 oup = 5.31 


COn W, eps 


(b) Cost of electricity (56.5 kW)($0.08/kWh) = $4.52/h. 
(c) Assuming the furnace to be ideal, that is, it converts all of the energy of the gas into usable heat, we 
have 


(300) (3600) 
100 000 


Cost of gas = | | (0.75) = $8.10/h 


Fig. 10-7 


10.5 THE ABSORPTION REFRIGERATION CYCLE 


In the refrigeration systems discussed thus far the power input needed to operate the compressor is 
relatively large since the refrigerant moving through the compressor is in the vapor state and has a very 
large specific volume when compared with that of a liquid. We can markedly reduce this power if we increase 
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refrigerant 
m 


0, 
Fig. 10-8 The absorption refrigeration cycle. 


the pressure with a pump operating with a liquid. Such a refrigeration cycle exists; it is the absorption 
refrigeration cycle, shown schematically in Fig. 10-8. Note that the compressor of the conventional refrigeration 
cycle has been replaced with the several pieces of equipment shown on the right of the cycle. The absorber, the 
pump, the heat exchanger, and the generator are the major additional components that replace the compressor. 

Saturated, low-pressure refrigerant vapor leaves the evaporator and enters the absorber where it is 
absorbed into the weak carrier solution. Heat is released in this absorption process, and to aid the 
process the temperature is maintained at a relatively low value by removing heat О д. The much stronger 
liquid solution leaves the absorber and is pumped to the higher condenser pressure, requiring very little 
pump power. It passes through a heat exchanger, which increases its temperature, and enters the gen- 
erator where the added heat boils off the refrigerant which then passes on to the condenser. The 
remaining weak carrier solution is then returned from the generator to the absorber to be recharged 
with refrigerant; on its way to the absorber the temperature of the carrier solution is reduced in the heat 
exchanger and its pressure is reduced with a regulating valve. 

The primary disadvantage of the absorption cycle is that a relatively high-temperature energy source 
must be available to supply the heat transfer Ос; this is typically supplied by a source that would 
otherwise be wasted, such as rejected steam from a power plant. The additional heat Qc must be 
inexpensive, or the additional cost of the extra equipment cannot be justified. 

For applications in which the refrigerated space is maintained at temperatures below 0°C, the 
refrigerant is normally ammonia and the carrier is water. For air-conditioning applications the refrig- 
erant can be water and the carrier either lithium bromide or lithium chloride. With water as the 
refrigerant a vacuum of 0.001 MPa must be maintained in the evaporator and absorber to allow for 
an evaporator temperature of 7°C. Since the evaporator temperature must be about 10°C below the 
temperature of the air that is cooling the space, such a low pressure is not unreasonable. 

To analyze the absorption cycle we must know the amount of refrigerant contained in a mixture, 
both in liquid form and in vapor form. This can be found with the aid of an equilibrium diagram, such as 
that for an ammonia-water mixture. At a given temperature and pressure the equilibrium diagram 
displays the following properties: 


1. The concentration fraction x’ of liquid ammonia: 


, mass of liquid NH; 
x= т 
mass of mixture 


(10.8) 
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2. The concentration fraction x" of vapor ammonia: 


n mass of vapor NH, (10.9) 
mass of mixture 


3. The enthalpy h; of the liquid mixture. 
4. The enthalpy h, of the ammonia vapor. 


These various properties are illustrated by Fig. 10-9. 


T = const. 


P = const. 


Fig. 10-9 An equilibrium diagram. 


Finally, in the absorber and the generator two streams enter and one stream leaves. To determine the 
properties of the leaving stream, it is necessary to use a mass balance and an energy balance on each 
device; mass balances on both the refrigerant and the mixture are necessary. 


10.6 THE GAS REFRIGERATION CYCLE 


If the flow of the gas is reversed in the Brayton cycle of Sec. 8.9, the gas undergoes an isentropic 
expansion process as it flows through the turbine, resulting in a substantial reduction in temperature, as 
shown in Fig. 10-10. The gas with low turbine exit temperature can be used to refrigerate a space to 
temperature Т» by extracting heat at rate Qin from the refrigerated space. 

Figure 10-10 illustrates a closed refrigeration cycle. (An open cycle system is used in aircraft; air is 
extracted from the atmosphere at state 2 and inserted into the passenger compartment at state 1. This 
provides both fresh air and cooling.) An additional heat exchanger may be used, like the regenerator of 
the Brayton power cycle, to provide an even lower turbine exit temperature, as illustrated in Fig. 10-11 of 
Example 10.6. The gas does not enter the expansion process (the turbine) at state 5; rather, it passes 
through an internal heat exchanger (it does not exchange heat with the surroundings). This allows the 
temperature of the gas entering the turbine to be much lower than that of Fig. 10-10. The temperature Т) 
after the expansion is so low that gas liquefication is possible. It should be noted, however, that the 
coefficient of performance is actually reduced by the inclusion of an internal heat exchanger. 

A reminder: when the purpose of a thermodynamic cycle is to cool a space, we do not define a cycle’s 
efficiency; rather, we define its coefficient of performance: 


desired effect — | Ок 
energy that costs — W, 


COP, = (10.10) 


where Win = т (сотр 2 Шш). 
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Fig. 10-10 The gas refrigeration cycle. 


EXAMPLE 10.5 Air enters the compressor of a simple gas refrigeration cycle at — 10°C and 100 kPa. For a 
compression ratio of 10 and a turbine inlet temperature of 30°C, calculate the minimum cycle temperature and 


the coefficient of performance. 
Solution: Assuming isentropic compression and expansion processes we find 


ее ШЕ ie 263)(10)025?7 = 508K 
Е = (263)(10) = 


Р (k—1)/k 1 \ 02857 
Т = (ғ) = сөз 1) = 157K —-116?C 


The COP is now calculated as follows: 


din = C p(T — Т) = (1.00)(263 — 157) = 106 kJ/kg 
Weomp = Cp(T; — Т) = (1.00)(508 — 263) = 245kJ/kg 
шањ = C,(T, — Tj) = (1.00)(303 — 157) = 146 kJ/kg 
din 106 


-COPR = = =? 
сор Weomp шь 245 — 146 2 


This coefficient of performance is quite low when compared with that of a vapor refrigeration cycle. Thus gas 


refrigeration cycles are used only for special applications. 
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EXAMPLE 10.6 Use the given information for the compressor of the refrigeration cycle of Example 10.5 but 
add an ideal internal heat exchanger, a regenerator, as illustrated in Fig. 10-11, so that the air temperature 
entering the turbine is — 40°C. Calculate the minimum cycle temperature and the coefficient of performance. 


Internal 


heat Oou 
exchanger © 
+ 


с енін 
Е з 


0, 


W. 
< in 


Compressor Е 


Fig. 10-11 


Solution: Assuming isentropic compression we again have T, = T; (P4/ P3) ^ /* = (263)(10)°#°7 = 508 К. 
For an ideal internal heat exchanger we would have T; = Т; = 263 К and T; = Т, = 233 К. The minimum cycle 
temperature is 


Р, (k—1)/k 1 \ 02857 
= (2) = ess (1) = 121K = —152°C 


For the COP: 
di; = С,(Т,- Т) = (1.00)(233 — 121) = 112 KJ/kg 
Weomp = C,(T4 — T3) = (1.00)(508 — 263) = 245 kJ/kg 
Шъ = С,(Тр- Т) = (1.00)(233 — 121) = 112 kJ/kg 


; 112 
©. СОР} = Sin 


= = 0.842 
Main = Chant 245 — 112 


Obviously, the COP is lower than that of the cycle with no internal heat exchanger. The objective is not to 
increase the COP but to provide extremely low refrigeration temperatures. 


Solved Problems 


10.1 Ап ideal refrigeration cycle uses R134a as the working fluid between saturation temperatures of 
— 20°F and 50°F. If the refrigerant mass flux is 2.0 Ibm/sec, determine the rate of refrigeration 
and the coefficient of performance. 
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Referring to Fig. 10-1c, we find from Appendix D that 


ћу = 98.81 Btu/Ibm h; = h4 = 27.28 Btu/lbm sı = 0.2250 Btu/Ibm-^R 
Recognizing that the R134a is compressed isentropically in the ideal cycle, state 2 is located as follows: 


во = 5, = 0.2250 Btu/Ibm-^R 


А <. h, = 112.2 Btu/Ibm 
Р, = 60 psia 
where P» is the saturation pressure at 50°F. We can now calculate the desired information: 


Ок = m(h, — hg) = (2)(98.81 — 27.28) = 143.1 Btu/sec (42.9 tons) 
Wi, = m(h; — hy) = (2)(112.2 — 98.81) = 26.8 Btu/sec 


10.2 R134a is compressed from 200 kPa to 1.0 MPa in an 80 percent efficient compressor (Fig. 10-12). 
The condenser exiting temperature is 40°C. Calculate the COP and the refrigerant mass flux for 
100 tons (352 kW) of refrigeration. 


From the R134a table we find that 
hı = 241.3 kJ/kg һу = h4 = 105.29 kJ/kg sı = 0.9253 kJ/kg-K 
State 2' is located, assuming an isentropic process, as follows: 


Sy =з = 0.9253 kJ/kg-K 


©. hy = 274.6 kI/k 
Р, = 1.0 MPa | 2 № 


The efficiency of the compressor allows us to determine the actual compressor work. It is 


ws hy —hy 274.6 — 241.3 


= = = 41.7kJ/k 
E Ge w 0.8 ke 
The cycle СОР» is calculated to be 
hy — h4 241.3 — 105.29 
CORR Wa 41.7 
The mass flux of refrigerant is found from Ор: 
Qg = m(h, — h4) 352 = m (241.3 — 105.29) m = 2.59 kg/s 


Fig. 10-12 


10.3 A two-stage refrigeration system operates between high and low pressures of 1.6 MPa and 
100 kPa, respectively. If the mass flux of R134a in the low-pressure stage is 0.6 kg/s, find 
(a) the tons of refrigeration, (b) the coefficient of performance, and (c) the mass flux of cooling 
water used to cool the R134a in the condenser if AT,, = 15°C. 
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10.4 


10.5 
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The intermediate pressure is P; = (PyP,)'/ = [(1.6)(0.1)]? = 0.4 MPa. Referring to Fig. 10-5, the 
R134a tables provide us with 
hı = 231.35 kJ/kg hs = 252.32 kJ/kg h = hg = 134.02 kJ/kg 
һу = h4 = 62.0 kJ/kg sı = 0.9395 kJ/kg-K $5 = 0.9145 kJ/kg-K 
Assuming the compressors to be isentropic, the enthalpies of states 2 and 6 are found by extrapolation as 
follows: 
s2 = sı = 0.9395 kJ /kg-K 


hy = 259.5 kJ/k 
P, = 0.4 MPa | 2 /k& 


56 = 55 = 0.9145 KJ/kg-K 


he = 280.8 К1/К 
Р, = 1.6 MPa | /kg 


The mass flux of the R134a in the high-pressure stage is 


h, — h; -09 ( 259.5 — 62.0 ) = 


252.32 — 134.02 


(a) Og = (hı — hg) = (0.6)(231.35 — 62.0) = 101.6 kW = 28.9 tons 
(b) Wn = riz (hy — hy) + rity (hg — hs) = (0.6)(259.5 — 231.35) + (1.00)(280.8 — 252.3) = 45.4 kW 


(c) Cooling water is used to cool the R134a in the condenser. As energy balance on the condenser provides 


(1.00)(280.8 — 134.02) 
(4.18) (15) 


iC AT, = tity (he — hz) т = = 2.34 kg/s 


A heat pump uses groundwater at 12°C as an energy source. If the energy delivered by the heat 
pump is to be 60 MJ/h, estimate the minimum mass flux of groundwater if the compressor 
operates with R134a between pressures of 100 kPa and 1.0 MPa. Also, calculate the minimum 
compressor horsepower. 


Referring to Fig. 10-1c, the R134a tables provide 
hy = 231.35 kJ/kg h3 = h4 = 105.29 kJ/kg sı = 0.9395 kJ/kg-K 
State 2 is located assuming an isentropic process as follows: 


s2 = sı = 0.9395 kJ/kg-K. 


She = 279.3 kJ/k 
P, = 1.0 MPa | ? [kg 


The condenser delivers 60 MJ/h of heat; thus, 


60 000 
3600 
The minimum mass flux of groundwater results if the water enters the evaporator at 12°C and leaves at 0°C 


(the freezing point of water). Also, we have assumed an ideal cycle, providing us with a minimum mass flux. An 
energy balance on the evaporator demands that the energy given by the R134a be lost by the groundwater: 


Oc = telha — Һз) = (279.3 — 105.29) ©. Tiret 0.0958 kg/s 


Фе — h4) = yate Cp AT water (0.0958)(231.35 — 105.29) = ri water (4.18)(12 — 0) 
Mwyater = 0.241 kg/s 


Finally, the minimum compressor power is 


Win = ris — hy) = (0.0958) (279.3 — 231.35) = 4.59kW = 6.16 hp 


A simple gas cycle produces 10 tons of refrigeration by compressing air from 200 kPa to 2 MPa. If 
the maximum and minimum temperatures are 300°C and — 90°C, respectively, find the compressor 
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10.6 


10.7 


power and the cycle COP. The compressor is 82 percent efficient and the turbine is 87 percent 
efficient. 


The ideal compressor inlet temperature (see Fig. 10-10) is Р = 73(P)/P3)*~'/* = (573) 
(200 /2000)9 2857 = 296.8 К. Because the compressor is 82 percent efficient, the actual inlet temperature Т, 
is found as follows: 

Us C, (Т; z Т») 


1 
comp = — = .Т,-(-- .82)(573) — 573 + 296.8] 2 236.2 K 
Tlcomp m COD = Tj 42, (св) (0 )( ) + | 


Тһе low-temperature heat exchanger produces 10 tons = 35.2 kW of refrigeration: 


Qi, = mC,,(T, — Ti) 352 = m(1.00) (236.2 — 183) som = 0.662 kg/s 


The compressor power is then Weomp = mC,(T; — Т) = (0.662)(1.00)(573 — 236.2) = 223 kW. The turbine 
produces power to help drive the compressor. The ideal turbine inlet temperature is 


(k — 1)/k 0.2857 
P 2 
Ty = Т, (2) — (183) e = 353.3K 


The turbine power output is Wi = rius C, (Ty — Ту) = (0.662) (0.87) (1.00)(353.3 — 183) = 98.1 kW. The 
cycle COP is now calculated to be 
Qin (10)(3.52) 


СОР = —— = 203 —981 = 0.282 


net 


Air enters the compressor of a gas refrigeration cycle at — 10°C and is compressed from 200 kPa 
to 800 kPa. The high-pressure air is then cooled to 0°C by transferring energy to the surroundings 
and then to —30°C with an internal heat exchanger before it enters the turbine. Calculate the 
minimum possible temperature of the air leaving the turbine, the coefficient of performance, and 
the mass flux for 8 tons of refrigeration. Assume ideal components. 


Refer to Fig. 10-11 for designation of states. The temperature at the compressor outlet is 
(k—1)/k 0.2857 
Р, 800 
Т, = Т | — = (283) | — = 420.5 К 
С оз) 
The minimum temperature at the turbine outlet follows from an isentropic process: 
(k-1)/k 0.2857 
Р, 200 
T, = | — = (243) | — = 163.5K 
-“4) 5 (a) 
The coefficient of performance is calculated as follows: 
Gin = С,(Т,- Т) = (1.00)(243 — 163.5) = 79.5 kJ/kg 
Weomp = Cp(T4 — T3) = (1.00) (420.5 — 283) = 137.5 kJ/kg 
Wturb = Сь(% — Т) = (1.00)(243 - 163.5) = 79.5 kJ/kg 
din 79.5 


СОР = = = 1.37 
pe Weomp — ци 137.5 — 79.5 
We find the mass flux as follows: 
Qi, = таш (8)(3.52) = (m)(79.5) т = 0.354kg/s 


Supplementary Problems 


An ideal vapor refrigeration cycle utilizes R134a as the working fluid between saturation temperatures of — 20°C 
and 40°C. For a flow of 0.6 kg/s, determine (a) the rate of refrigeration, (b) the coefficient of performance, and 
(c) the coefficient of performance if used as a heat pump. 
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10.8 R134a is used in an ideal refrigeration cycle between pressures of 120 kPa and 1000 kPa. If the compressor 
requires 10 hp, calculate (a) the rate of refrigeration, (b) the coefficient of performance, and (с) the coefficient 
of performance if used as a heat pump. 

10.9 An ideal refrigeration cycle using R134a produces 10 tons of refrigeration. If it operates between saturation 
temperatures of — 10°F and 110°F, determine (а) the COP, (b) the power input needed for the compressor, 
and (c) the volume rate of flow into the compressor. 


10.10 If the low pressure is 200 kPa in Prob. 10.8, rework the problem. 


10.11 For 20 tons of refrigeration calculate the minimum work input to the compressor for the cycle shown in 
Fig. 10-13 if the working fluid is (а) R134a, and (b) water. 


óc 


Expansion NZ 
valve /\ Compressor 


Fig. 10-13 


9, 


10.12 The turbine shown in Fig. 10-14 produces just enough power to operate the compressor. The R134a is mixed 
in the condenser and is then separated into mass fluxes т, and m,. Determine m,/m, and Q,/Qp. 


9, 


120 КРа 


V/. Expansion 


Compressor H 


Condenser 


Fig. 10-14 


10.13 Assume that the refrigerant leaving the condenser of Prob. 10.7 is subcooled to 36°C. Calculate the coeff- 
cient of performance. 


10.14 The compressor of a refrigeration cycle accepts R134a as saturated vapor at 200 kPa and compresses it 
to 1200 kPa; it is 80 percent efficient. The R134a leaves the condenser at 40°C. Determine (a) the COP 
and (р) the mass flux of R134a for 10 tons of refrigeration. 


10.15 R134a enters a compressor at 15 psia and 0°F and leaves at 180 psia and 200°F. If it exits the condenser as 
saturated liquid and the system produces 12 tons of refrigeration, calculate (а) the COP, (b) the mass flux of 
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10.16 


10.17 


10.18 


10.19 


10.20 


10.21 


10.22 


10.23 


refrigerant, (c) the power input to the compressor, (d) the compressor efficiency, and (e) the volume rate of 
flow entering the compressor. 


A refrigeration cycle circulates 0.2 kg/s of R134a. Saturated vapor enters the compressor at 140 kPa and 
leaves at 1200 kPa and 80°C. The temperature at the condenser exit is 44°C. Determine (a) the COP, (b) the 
tons of refrigeration, (c) the required power input, (d) the efficiency of the compressor, and (e) the mass flux 
of condenser cooling water if a temperature rise of 10°C is allowed. 


A refrigeration cycle utilizes a compressor which is 80 percent efficient; it accepts R134a as saturated vapor 
at — 24°C. The liquid leaving the condenser is at 800 kPa and 30°C. For a mass flux of 0.1 kg/s calculate 
(a) the СОР, (р) the tons of refrigeration, and (c) the mass flux of condenser cooling water for a tempera- 
ture rise of 10°C. 


An ideal two-stage refrigeration cycle with Pj; = 1 MPa and P; = 120 kPa has an intermediate pressure of the 
R134a of 320 kPa. If 10 tons of refrigeration is produced, calculate the mass fluxes in both loops and the COP. 


An ideal two-stage cycle with an intermediate pressure of 400 kPa replaces the refrigeration cycle of Prob. 
10-9a. Determine the COP and the necessary power input. 


(a) For a 20-ton refrigeration cycle like that shown in Fig. 10-15, operating with R134a between pressures 
of 1000 and 160 kPa, determine the maximum coefficient of performance and the minimum power input. 
(b) Determine the maximum COP and the minimum power input for a single-stage system operating 
between the same pressures. 


0. 


Heat exchanger 


Expansion V 
valve 


Compressor 


9, 
Fig. 10-15 


A two-stage refrigeration system using R134a operates between pressures of 1.0 MPa апа 90 kPa with a 
mass flux of 0.5 kg/s in the high-pressure stage. Assuming ideal cycles, calculate (a) the tons of refrigera- 
tion, (b) the power input, (c) the rating in compressor horsepower per ton of refrigeration, and (d) the mass 
flux of condenser cooling water if a 20°C temperature rise is allowed. 


A heat pump using R134a as the refrigerant provides 80 MJ/h to a building. The cycle operates between 
pressures of 1000 and 200 kPa. Assuming an ideal cycle, determine (a) the COP, (b) the compressor horse- 
power, and (c) the volume flow rate into the compressor. 


A home heating system uses a heat pump with R134a as the refrigerant. The maximum heating load results 
when the temperature of 1000 ft?/min of circulation air is raised 45°F. If the compressor increases the 
pressure from 30 to 160 psia, calculate (a) the COP, (b) the compressor power needs, and (c) the mass 
flux of R134a. Assume an ideal cycle. 
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Air flows at the rate of 2.0 kg/s through the compressor of an ideal gas refrigeration cycle where the pressure 
increases to 500 kPa from 100 kPa. The maximum and minimum cycle temperatures are 300°C and — 20°C, 
respectively. Calculate the COP and the power needed to drive the compressor. 


Rework Prob. 10.24 assuming the efficiencies of the compressor and turbine are 84 percent and 88 percent, 
respectively. 


An ideal internal heat exchanger is added to the cycle of Prob. 10.24 (see Fig. 10-11 of Example 10.6) so that 
the low temperature is reduced to — 60°C while the maximum temperature remains at 300°C. Determine the 
COP and the compressor power requirement. 


What is the COP for the ideal air cycle shown in Fig. 10-16 if it is (a) used to refrigerate a space, and (b) used 
to heat a space? 


30°F 


Win 
— Compressor == 


Fig. 10-16 


Assuming the compressor and turbine of Prob. 10.27 are each 87 percent efficient and the effectiveness of the 
internal heat exchanger is 90 percent, rework the problem. 


Review Questions for the FE Examination 


10.1FE Refrigerant flows through the coil on the back of most refrigerators. This coil is the: 


(A) Evaporator 
(B) Intercooler 
(C) Reheater 
(D) Condenser 


10.2FE An ideal refrigeration cycle operates between a low temperature of — 12°C and a high pressure of 800 kPa. 


If the mass flow rate is 2 kg/s of R134a, the compressor power requirement is nearest: 
(A) 38 kW 
(B) 34 kW 
(С) 50 kW 
(D) 60 kW 


10.3FE The quality of the refrigerant of Question 10.2FE entering the evaporator is nearest: 


(A) 14% 
(B) 2694 
(C) 29% 
(D) 34% 
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10.4FE How much heat could the cycle of Question 10.2FE supply? 
(A) 1270 MJ/hr 
(B) 1060 MJ/hr 
(C) 932 MJ/hr 
(D) 865 MJ/hr 


10.5FE The COP of the cycle of Question 10.2FE, when used as a refrigerator, is nearest: 
(A) 2.4 
(B) 3.4 
(C) 4.0 
(D) 4.8 


10.6FE Which of the following refrigeration cycle deviations from the ideal is considered desirable? 
(A) Pressure drops through the connecting tubes. 
(B) Friction on the compressor blades. 
(C) Subcooling of the refrigerant in the condenser. 
(D) Superheating of the vapor entering the compressor. 


10.7FE Air enters the compressor of an ideal gas-refrigeration cycle at 10°C and 80 kPa. If the maximum and 
minimum temperatures аге 250°C and — 50°C, the compressor work is nearest: 
(A) 170 kJ/kg 
(B) 190 kJ/kg 
(C) 220 kJ/kg 
(D) 2400 kJ/kg 


10.8FE The pressure ratio across the compressor in the cycle of Question 10.7FE is nearest: 
(A) 8.6 
(B) 8.2 
(C) 7.8 
(D) 7.4 


10.9FE The COP for the refrigeration cycle of Question 10.7FE is nearest: 
(A) 1.04 
(B) 1.18 
(C) 1.22 
(D) 1.49 


Answers to Supplementary Problems 


10.7 (а) 77.5 kW. (Б) 3.08 (c) 4.08 

10.8 (а) 22.0 kW (Б) 2.94 (c) 3.94 

10.9 (а) 2.60 (Б) 18.1 һр (с) 1.80 ft/sec 

10.10 (а) 30.5 kW (Б) 4.08 (с) 5.08 

10.11 (а) 28.6 kW (Б) 19.6 kW 

10.12 3.40, 1.91 

10.13 3.22 

10.14 (а) 2.91 (b) 0.261 kg/s 

10.15 (а) 1.40 (D) 0.772 ІЬт/ѕес (с) 40.6 һр (а) 62.5% (е) 2.38 ft/sec 
10.16 (а) 1.67 (b) 7.04 tons (с) 14.8 KW (а) 60.2% (е) 0.947 kg/s 
10.17 (а) 2.78 (5) 4.01 tons (с) 0.460 kg/s 

10.18 0.195 kg/s, 0.272 kg/s, 3.87 
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3.02, 23.6 kW 

(а) 4.04, 17.4 KW (b) 3.49, 20.2 kW 

(а) 17.8 tons (Б) 20.9 kW (с) 1.58 hp/ton (а) 1.00 kg/s 
(а) 5.06 (b) 5.88 hp (с) 0.013 m? /s 

(а) 4.79 (5) 4.06 hp (с) 0.193 Ibm/sec 

1.73, 169 hp 

0.57, 324 hp 

1.43, 233 hp 

(а) 1.28 (b) 2.28 

(a) 0.833 (Ы) 1.72 


Answers to Review Questions for the FE Examination 
10.1ЕЕ (D) 10.2FE(D) 10.3FE(C) 10.4ЕЕ (А) 10.5ЕЕ (D) 10.6ЕЕ (C) 


10.9ЕЕ (В) 
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10.8FE (A) 


Thermodynamic 
Relations 


111 THREE DIFFERENTIAL RELATIONSHIPS 


Let us consider a variable z which is a function of x and y. Then we may write 


z= f(x, у) dz= (a) ^ + PE (11.1) 


This relationship is an exact mathematical formulation for the differential z. Let us write dz in the 
form 


dz = Mdx + Ndy (11.2) 


If we have exact differentials (and we will when dealing with thermodynamic properties), then we have 


the first important relationship: 
OM ON 
Boo ijr асар = 114 
Cgc! е 


This is proved by substituting in for М апа N from our previous equations: 


where 


9% O^ 


Oy Ox = Ox Oy Vds) 


which is true providing the order of differentiation makes no difference in the result, which it does not for 
the functions of interest in our study of thermodynamics. 
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To find our second important relationship, first consider that x is a function of y and z, that is, 


x — f(y,z). Then we may write 
Óx Óx 
ах-(--|а --|а 11. 
шысы pu 


dx = СЕ + (%) GS а + (%) E (11.7) 
OOOO O 


The two independent variables x and y can be varied independently, that is, we can fix x and vary y, or fix 
y and vary x. If we fix x, then dx = 0; hence the bracketed coefficient of dy must be zero. If we fix y, then 
dy = 0 and the bracketed coefficient of dx is zero. Consequently, 


1 (2) (5) уш 0 (11.9) 
Lh = auam 


(2) (8) =! (11.11) 


which leads to our second important relationship: 


(%) = aa (11.12) 


-i (95), E (5). (11.13) 


Dividing through by (Әх/Әу), and using (11.12), 


| BJ Е (2), (11.14) 
(5) Е (8) (2) ==! (11.15) 


or, rearranging, 


and 


The first equation gives 


Now rewrite (//./0) as 


we obtain the cyclic formula 


EXAMPLE 11.1 Estimate the change in the specific volume of air, assuming an ideal gas, using the differential 
form for dv, if the temperature and pressure change from 25°C and 122 kPa to 29°C and 120 kPa. Compare 
with the change calculated directly from the ideal-gas law. 


CHAP. 11] THERMODYNAMIC RELATIONS 265 


Solution: Using v = RT/P, we find 


àv av R RT 0.287 (0.287)(300) 
dea te arcane pepe 4 2) = 0.0212 k 
i ( ү +( ) 4 Р р? Cm.) Т тау 


where we have used average values for P апа Т. 
The ideal-gas law provides 
RT, КТ,  (0.287)(302) (0.287)(298) 


Av= = = 0.02125 m? /k 
аеру ар 120 122 оош: 


Obviously the change in state of 4°C and —2 kPa is sufficiently small that the differential change dv арргох- 
imates the actual change Av. 


11.2 THE MAXWELL RELATIONS 


For small (differential) changes in the internal energy and the enthalpy of a simple compressible 
system, we may write the differential forms of the first law as [see (6.9) and (6.12)] 


du = T ds — Pdv (11.16) 
dh = T ds + vdP (11.17) 
We introduce two other properties: the Helmholtz function a and the Gibbs function g: 
а = и — Ts (11.18) 
8 = һ – Ts (11.19) 
In differential form, using (11.16) and (11.17), we can write 
da= —Pdv — sdT (11.20) 


dg = vdP — sdT (11.21) 


Applying our first important relationship from calculus [see (//.4)] to the four exact differentials above, 


we obtain the Maxwell relations: 
T P 
T) EE (%) (11.22) 
v S 5 v 


sr) = (2) ) (11.23) 


= (5: (11.24) 


(5r), т an (11.25) 


Through the Maxwell relations, changes in entropy (an immeasurable quantity) can be expressed in 
terms of changes in v, T, and P (measurable quantities). By extension, the same can be done for internal 
energy and enthalpy (see Sec. 11.4). 
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EXAMPLE 11.2 Assuming that Л = h(s, P), what two differential relationships does this imply? Verify one of 
the relationships using the steam tables at 400°C and 4 MPa. 
Solution: If h = h(s, P) we can write 


Oh Oh 
dh — (%) ve JF (4) ae 


But the first law can be written as [see (//./7)] dh = T ds + v dP. Equating coefficients of ds and dP, there results 


Oh Oh 
ix E Ex ‚| 


Let’s verify the constant-pressure relationships. At Р = 4 MPa and using central differences (use entries on 
either side of the desired state) at T = 400°C, we have 


(5) 3330 — 3092 
P 


сы Сус E LOC 


This compares favorably with the specified temperature of 400°C. 


11.3 THE CLAPEYRON EQUATION 


We may use the Maxwell relations in a variety of ways. For example, (//.24) allows us to express 
the quantity л fẹ (the enthalpy of vaporization) using Р, v, and T data alone. Suppose we desire Л p, at 
the point (vo, Ту) of Fig. 11-1. Since the temperature remains constant during the phase change, we can 
write 


(=) = E (11.26) 
Ov) par,  Ug—Uy 
Consequently, (11.24) gives 
P A 
(т) = “fe (11.27) 
ӨТ v= vo U fo 


But, we can integrate (11.17), knowing that P and T are constant during a phase change: 


Га- fna- nra or һ = ToS fg (11.28) 


Fig. 11-1 A T-v diagram for a phase-change substance. 
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This is substituted into (11.27) to give the Clapeyron equation: 


ӘР hfe ӘР 
on: = TE жы pet E 11.2 
(27) v2w oye Е тун (27) TY ren 


The partial derivative (0P/OT) 
central-difference approximation 


can be evaluated from the saturated-state tables using the 


ӘР m (11.30) 
ӘТ) D-T, | 


v = 00 


where T, and T, are selected at equal intervals above and below Ту. (See Fig. 11-1 and Example 11.3.) 
For relatively low pressures, the Clapeyron equation can be modified when v, >> оу. We may treat 
the saturated vapor as an ideal gas, so that 


RT 
Ufe = Ug — Ug Sg = y (11.31) 
Then (11.29) becomes (dropping the subscript 0) 
ӘР Ph fe 
E е= 11.32 
(52) RT? ( ) 


This is often referred to as the Clausius—Clapeyron equation. It may also be used for the sublimation 
process involving a solid to vapor phase change. 

During a phase change, the pressure depends only on the temperature; hence, we may use an 
ordinary derivative so that 


P Р 
(%) Е (=) (11.33) 
ТЈ, ат), 
Then (11.32) сап be rearranged as 
(4 ) = (=) (11.34) 
Р sat R Т? sat 
This is integrated between two saturation states to yield 
h 
in (ғ) es Pe ( bor ) (11.35) 
Р, sat RAT Т, sat 


where we have assumed Л fẹ to be constant between state 1 and state 2 (hence the “approximately equal 
to” symbol). Relationship (11.35) may be used to approximate the pressure or temperature below the 
limits of tabulated values (see Example 11.4). 


EXAMPLE 11.3 Predict the value for the enthalpy of vaporization for water at 200°C assuming steam to be 
an ideal gas. Calculate the percent error. 

Solution: At 200°C and 155.4 kPa the specific volume of the saturated steam is, in the ideal-gas approx- 
imation, v, = RT/P = (0.462)(473)/155 = 0.1406 т? /Кке. For liquid water the density is approximately 1000 
kg/m? so that v, = 0.001 m? /kg (or we can use v; from the steam tables). Hence we find 


hg, = Тор (от) = (473)(0.1406 — 0.001) >) = 2153 kJ/kg 


This compares with ^ „ = 1941 kJ/kg from the steam tables, the error being 


2153 — 1941 


voerror = ( 194] 


Jue — 10.994 


This error is due to the inaccuracy of the value for v,. 
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EXAMPLE 11.4 Suppose the steam tables started at Р, = 2 kPa (T4 = 17.5°C) and we desired Т, at P4, = 
1 kPa. Predict Ты and compare with the value from the steam tables. 

Solution: Since the pressure is quite low, we will assume that v, > v, and that v, is given by the ideal-gas 
law. Using values for hf, at P4; = 4 kPa, 3 kPa, and 2 kPa we assume that at Psat —1 kPa, Л „ = 2480 kJ/kg. 


Then (11.35) provides us with 
1 2480 1 1 5 
In Ө = (2%) E z) ^. Ty = 280K or 7.0 C 


P h 1 1 
(2), ETT) 
Р, sat К АТ Т, sat 


This is very close to the value of 6.98 °C from the steam tables. 


11.4 FURTHER CONSEQUENCES OF THE MAXWELL RELATIONS 


Internal Energy 
Considering the internal energy to be a function of T and v, we can write 


Ou Ou Ou 
du = (5) dT E (%) E =C,dT + (2) E (11.36) 
where we have used the definition C, = (Ou/OT),. The differential form of the first law is 
du = T ds — P dv (11.37) 
Assuming s — f(T, v), the above relationship can be written as 
Os Os Os Os 
du = (9) ат + (%) E - Pha = (4) dr + т (ж). = d dv (11.38) 
When this expression for du is equated to that of (11.36), one obtains 
Os 
С, = (шу (11.39) 
ди Әз ӘР 
ы бе (иең 


where we һауе used the Maxwell relation (11.24). We can now relate du to the properties Р, v, T, and С, 
by substituting (11.40) into (11.36): 


du = C,dT + ШЕ? = d dv (1141) 


This can be integrated to provide (и — и) if we have an equation of state that provides the relationship 
between P, v, and T so that (OP/OT), is known. 


Enthalpy 
Considering enthalpy to be a function of T and P, steps similar to those above result in 
Os 
= Т | = 11.42 
c-r (s), (11.42) 
ду 

а= С,аТ--|:-Т)(|--| |ар (11.43) 

OT} p 


which can be integrated to give (hy — hi) if an equation of state is known. 
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Since we know that h = u + Pu, we have 
hy — hy = и» — Uy + Pv; — Ру (11.44) 


Hence, if we know Р = f(T, о), we can find (и; — u,) from (11.41) and (л — һу) from (11.44). If we know 
v= f(P,T), we can find (л — |) from (11.43) and (uy — и) from (11.44). In the first case we know Р 
explicitly as a function of T and v; in the second case we know v explicitly as a function of P and T. For an 
ideal gas, Pv = RT so that the bracketed quantities in (11.41) and (11.43) are zero, as we have assumed earlier 
in our study of an ideal gas in which и = u(T) and Л = h(T). For a nonideal gas an equation of state will be 
provided so that one of the bracketed quantities can be evaluated. 


Entropy 
Finally, let us find an expression for ds. Consider s = s(T, v). Then, using (11.39) and (11.24), 


we have 
Os Os С; OP 
ds = (=) dr + (>) „40 = aT + (57. ud (11.45) 


Alternatively, we can let s = s(T, P). Then, using (11.42) and (11.25), we find 


C, Qv 
ds = =P dT — (3) E (11.46) 


These two equations can be integrated to yield 


Т, 0) Р Т, С Р, 
»-5-[ тағ | Ej w= f Р dT | (2) dP (11.47) 
n Т СТУ n Т p КТ) 


For an ideal gas these equations simplify to the equations of Chap. 6. See Sec. 11.7 for actual calcula- 
tions involving real gases. 


EXAMPLE 11.5 Derive an expression for the enthalpy change in an isothermal process of a gas for which the 
equation of state is Р = RT/(v — b) — (a jv’). 

Solution: Since P is given explicitly, we find an expression for Au and then use (//.44). For a process in 
which dT = 0, (11.41) provides 


E OP оГ TR RT a 1 1 
м= f "(%),-”е-/ E p tae- 16 _ 


The expression for Ah is then 


1 1 
hy — hı = Au + Pjv; — Ру =a a an rane + Pv — Pivi 
V1 02 


EXAMPLE 11.6 We know that С, = А + BT along а low-pressure isobar Р = P'(see Fig. 11-2). If the equa- 
tion of state is P = RT/(v — b) — (a/v^) find an expression for As. 
Solution: Since we know P explicitly, we use (11.47) to find As: 


De о (OP 
As = ЕА cocer 
: І т | ES Pa 
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Fig. 11-2 


Our expression for C, holds only along Р = P". Rather than integrating directly from 1 to 2, as shown in 
Fig. 11-2, we proceed isothermally from 1 to 1“, then along Р = P" from 1“ to 2*, and finally isothermally from 


2* to 2. This results in 
м rgp С э (OP 
— ---| di TUE gun == || di 
І ОКИ pare |, (ат) ^ 


2 


vi T; v2 
-f 2: &+ | (F+a)ar+ f md 
aj 0—0 r ХТ yw v—b 


1 2 


> 
І 


vu-b 


v = Б 
v -b : 


= В in 


T, 
A In = + B(T; — T RI 
ar Pap et ata n sb 


We could calculate a numerical value for As if the initial and final states, A, B, Р“, a, and b, were provided for a 
particular gas. 


11.5 RELATIONSHIPS INVOLVING SPECIFIC HEATS 


If we can relate the specific heats to P, v, and T, we will have completed our objective of relating the 
"hidden" thermodynamic quantities to the three measurable properties. 
The exact differential ds = M dT + N dP was written in (11.46) as 


C, Qv 
ds = =P dT — (=) „аР (11.48) 
Using (11.4), we can write 
д д (Qv 
E (ыт) ens т (5) ] і (11.49) 
ог, rearranging, 
OG; Ov 
tJ - (os) (11.50) 


If we start with (11.45), we obtain 


£c] -BGI н 
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resulting in 


ӘС oP 
“) -Т|-- 11.52 
( Ov ЈА (т | ) 
Consequently, knowing an equation of state, the quantities (ӘС,/ӘР), and (OC,/Ov), can be found for 


an isothermal process. 
A third useful relation can be found by equating (11.48) and (11.45): 


C, Qv C ОР 
— dT — | — | dP= — dT —|d 11. 
Т er p a ý VOR) 
so that 
apu OOT y i TODOS (11.54) 
р “оъ C, vv 
But, since T — T(P, v), we can write 
OT OT 
dT = (35) аР + (2) av (11.55) 
Equating the coefficients of dP in the above two expressions for dT gives 
dv\ (др dv\* (ӘР 
C,-C,=T = -T 11.56 
ers) (о), = ~T(ar) Jar), _ 


where we have used both (11.12) and (11.15). The same relationship would have resulted had we equated 
the coefficients of dv in (11.54) and (11.55). We can draw three important conclusions from (11.56): 


1. C, = C, for a truly incompressible substance (v = const.). Since (Qv/OT), is quite small for a 
liquid or soild, we usually assume that C, = C,. 


2. C, — C, as T — 0 (absolute zero). 
3. C, > C, since (ӘР/Оо)р < 0 for all known substances. 


Equation (//.56) can be written in terms of the volume expansivity 


Z ! (=) : (11.57) 
and the bulk modulus 
B= (m). (11.58) 
as 
C,— C, = vTÉ^B (11.59) 


Values for 8 and B can be found in handbooks of material properties. 


EXAMPLE 11.7 Find an expression for C, — C, if the equation of state is P — RT/(v — b) — (aJ v?). 
Solution: Equation (71.56) provides us with 


Qv OP 
€, o 55) Cor), 
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Our given equation of state can be written as 


pe г [Pe b) + IC b) 
so that 
(ӘТ /дъ)ь = (P — a/v’ + 2ab/v*)/R = 1/(Ov/OT) p 
Hence 


(C, ©, = TR /[(P + a/v + 2ab/v°) (v - b)| 


This reduces to C, — C, = R if a= b = 0, the ideal-gas relationship. 


EXAMPLE 11.8 Calculate the entropy change of a 10-kg block of copper if the pressure changes from 100 kPa 
to 50 MPa while the temperature remains constant. Use 6 = 5 x 107° К^! and p = 8770 kg/m’. 
Solution: Using one of Maxwell’s equations and (//.57), the entropy differential is 


Os Os 0 Ov 
а= (55) an (от) = - (Ge) t = ce 


Assuming v and f to be relatively constant over this pressure range, the entropy change is 


э =з = В(Р, — B) 5 x 1075) [(50 — 0.1) x 10°] = —0.285 J/kg-K 


= 1 ( 
p ~ 8770 
If we had considered the copper to be incompressible (dv — 0) the entropy change would be zero, as observed 
from (11.47). The entropy change in this example results from the small change in volume of the copper. 


11.6 THE JOULE-THOMSON COEFFICIENT 


When a fluid passes through a throttling device (a valve, a porous plug, a capillary tube, or an 
orifice) the enthalpy remains constant, the result of the first law. In the refrigeration cycle such a device 
was used to provide a sudden drop in the temperature. A drop does not always occur: the temperature 
may remain constant or the temperature may increase. Which situation occurs depends on the value of 


the Joule— Thomson coefficient, 
OT 
ш; = (2) (11.60) 
h 


If u; is positive, a temperature decrease follows the pressure decrease across the device; if ju; is negative, а 
temperature increase results; for ш; = 0, a zero temperature change results. Let us express иу in terms of 
P, v, T, and C, as we did with the other properties in Sec. 11.4. The differential expression for dh is given 
in (11.43) as 


dh = C, aT + b = (3) ] dP (11.61) 


If we hold Л constant, as demanded by (11.60), we find 


0— C, dT + L - (3) ] dP (11.62) 
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or, in terms of partial derivatives, 


SOROR шш 


Since и; is quite easy to measure, this relationship provides us with a relatively easy method to evaluate 
С. For an ideal gas, h = A(T) or T = T(h). Therefore, when h is held constant, T is held constant, so 


EXAMPLE 11.9 Find the Joule- Thomson coefficient for steam at 400°C and 1 MPa using both expressions 
given in (11.63). 
Solution: We сап use (17.42) and find С,: 


7.619 — 7.302 
zc ет _@ За _ мык 
Cp ЕЗІ (5), E ы 


Then (11.63) gives, using C, = 2130 J/kg-K, 


1 [fav 1 0.3304 — 0.2825 em 
esl = 67 3066] = 7.40 x 107° K/P 
"i zl (57). | (5%) \ »( 450 — 350 ) o е ОШИ Е: 


Using the other expression in (11.64) we find (we hold enthalpy constant at 3264 kJ/kg) 


ƏT 403.7 — 396.2 m 
= (2). too oe SEE 


Since p; is positive, the temperature decreases due to the sudden decrease in pressure across a throttling device. 


11.7 ENTHALPY, INTERNAL-ENERGY, 
AND ENTROPY CHANGES OF REAL GASES 


Gases at relatively low pressure can usually be treated as an ideal gas so that Pv — RT. For ideal 
gases, the relations of the previous sections reduce to the simplified relations of the earlier chapters in this 
book. In this section we will evaluate the changes in enthalpy, internal energy, and entropy of real 
(nonideal) gases using the generalized relations of Sec. 11.4. 

The general relation for the enthalpy change is found by integrating (11.43): 


n P Ov 
ЖЕН J C,dT+ | E = (3) Ја (11.64) 
Т, Р, Р 


The change in a property is independent of the path selected. Rather than going directly from 1 to 2, let 
us select the path shown in Fig. 11-3 that takes us to such a low pressure P" that the process from 1“ to 2° 
involves an ideal gas. Certainly P* = 0 will work, so let's set P" = 0 (actually, a small pressure = may be 
used). The processes from 1 to 1* and from 2* to 2 are isothermal, so that 


ee ee ү 7(2 dP (11.65) 
i E P | OT} p T=T, | 


h-n- [[кет(® dP (11.66) 
? 2 0 or PIT=T, | 


For the ideal process from 1* to 2* we have 


Т, 
њ-№= f C, aT (11.67) 
Т 


1 
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Fig. 11-3 Schematic used to find АЛ in a real gas. 


The enthalpy change is then 
hy — hy = (hy — hy) + (h3 — hi) + (hz — h) (11.68) 


The ideal-gas change (h5 — hï) is found using the C, (T) relationship or the gas tables. For the isother- 
mal changes of the real gas we introduce the equation of state Pv = ZRT, where Z is the compressibility 
factor. Using v 2 ZRT/P, the integrals of (11.65) and (11.66) can be put in the form 


h*—h Pr (OZ\ dP 
= -RT | (а) p (11.69) 
о \OTR/ p, Pr 


where the reduced temperature Tp = T/T, and the reduced pressure Рр = P/P, have been used. The 
quantity (л* — h)/T, is called the enthalpy departure and has been determined numerically using a 
graphical integration of the compressibility chart. The result is presented in Fig. H-1 using molar 
units. Obviously, л* — h = 0 for an ideal gas, since h = A(T) and the process is isothermal. 

The internal-energy change is found from the definition of enthalpy [see (//.44)] and is 


uy — uy = h, — hı - К(25Т – Т) (11.70) 
where we һауе used Pu = ZRT. 


The change in entropy of a real gas can be found using a technique similar to that used for the 
enthalpy change. For an isothermal process (//.47) provides the entropy change as 


Р. 
2/0 
er | ( 7) dP (11.71) 
Р, дТ Р 
We again integrate from the given state along an isothermal path to a low pressure where an ideal gas 
can be assumed, resulting in 
P 
д 
s— s% = | ( 7) dP (11.72) 
Роу OT P 


where the asterisk denotes an ideal-gas state. The above equation, integrated along an isotherm from the 
ideal-gas state to any state that is approximated as an ideal gas, takes the form 


P 
з —5у= — ү, К ар (11.73) 
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Subtracting the above two equations provides, for an isothermal process, 


PIR (5) | 
5 — 5 = ар (11.74) 
І. [s oT P 


Introducing the nonideal-gas equation of state Pv = ZRT, we have 


з=. [e 1) (22) Е (11.75) 


low 
which is called the entropy departure. This has also been determined numerically from the compressibility 
charts and is presented in Appendix I using molar units. We can now find the entropy change between 
any two states using 


Sy — s1 = — ($5 — Sy) + (83 — si) + (si — sı) (11.76) 


In this equation the quantity 55 — 51 represents the entropy change between the two given states, on the 
assumption that the gas behaves as an ideal gas; it does not represent a change along the Р* = 0 path 
illustrated in Fig. 11-3. 


EXAMPLE 11.10 Calculate the enthalpy change, the internal-energy change, and the entropy change of 
nitrogen as it undergoes a process from — 50°C, 2 MPa, to 40°C, 6 MPa. Use (a) the equations for an ideal 
gas with constant specific heats, (b) the ideal-gas tables, and (c) the equations of this section. 


Solution: 
(а) Ah = C,AT = (1.042)[40 — (– 50)] = 93.8kJ/kg Au = C, AT = (0.745) [40 — (-50) = 67.0 kJ/kg 
= Т, Po 313 6 _ 
As = C, In Т, R In P, = 1.042 In 23 0.297 In а= 0.0270 kJ/kg-K 


(b) Interpolating in the ideal-gas table (Table E-2) gives 
Ah = hy — һу = (9102 — 6479)/28 = 93.7 kJ/kg Au = u, — ш = (6499 — 4625) /28 = 66.9 kJ/kg 
As = 55 — 57 — R In = = (192.9 — 183.0) /28 — 0.297 In (6/2) = 0.0273 kJ/kg-K 

(c) Using (11.69) and the enthalpy departure chart in Appendix Н we find 


Га = т = реу = 171 Pai = Ф = узр = 0.590 
Tra = 2 = үз = 248 а= 0 = ag = 177 
The enthalpy departure chart (Appendix H) provides us with 
шала kJ/kmol-K cpm = Шы = 7.21 kJ/kg 
h Т ке kJ/kmol-K 2%-із- иш = 11.27 kJ/kg 


Consequently, 
Ah = (hy — h5) + (№ — hi) + (h5 — hj) = —11.27 + 7.21 + (1.042)[40 — (— 50)] = 90 kJ/kg 
To find the internal energy change we use (//.70). The Z values are found, using the compressibility chart 
with the above Тр and Рр values, to be 2) = 0.99 and 7; = 0.985. Then 
Au = Ah — R(Z3T; — Z,T,) = 90 — (0.297) [(0.985)(313) — (0.99)(223)] = 64 kJ/kg 

To find the entropy change we first find s; — s; and 55 — sy using the entropy departure chart in Appendix I. 
5; — 5; = 1.0 kJ/kmol-K 81-4 = 1.0/28 = 0.036 kJ/kg-K. 
53 — 5 = 1.2 kJ/kmol-K. 2.55 — 9 = 1.2/28 = 0.043 kJ /kg-K 
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The entropy change is then 


313 


6 
As = (s2 — 53) + (sj — 51) + (s — sj) = — 0.043 + 0.036 + 1.042 In 25100 0.297 In cs 0.02 kJ/kg: K 


Note that the real-gas effects in this example were not very pronounced. The temperatures were quite high 


compared to T, and the pressures were not excessively large. Also, accuracy using the small charts is quite 
difficult. 


11.1 


11.2 


Solved Problems 


Verify (11.15) using the equation of state for an ideal gas. 


The equation of state for an ideal gas is Pv = RT. Let the three variables be P, v, T. Relationship (11.15) 


takes the form 
ОРУ (OT Ov\ _ 1 
OT) „дъ ДӘР) | 
The partial derivatives аге 


дР\ д (ЕТ) R OTi fP) P Ov\ д (RT\ RT 
OT), OTNv], v Ov/p Ov\R/p R OP), ӘРАР)/, P 


Form the product and simplify: 


OP OT Ov _ RP RT\ _ RT _ | 
OT/,NOv/ p\OP/ 7, VR Pj Py 


The relationship is verified. 


Derive the Maxwell relation (11.23) from (11.22) using (11.15). 


The right side of the Maxwell relation (11.23) involves v, s, and P so that 


(а), (8), (в), == 9 (8), - (Ge) Ge), o 
(90) (ов), = (ор), 


Using (11.22) the above relation is written as 


(50) (as), = (ое), 
(2), = (59), 


From calculus, 


Substituting this into (7) provides 


which is the Maxwell relation (11.23). 
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11.3 Verify the third Maxwell relation (11.24) using the steam table at 600°F and 80 psia. 


We approximate the first derivative using central differences if possible: 


(2%) 00 — 00) БК с. 
v = 7.794 


oT 857.6 — 348.2 
д5 1.7582 — 1.8165 
9s; = eS UT = 0.0139 Btu/fÜ-^R 10.8 Ibf/ft?-°R 
(8) raeo 6.216 — 10.425 00 u/ or 10.8 Ibf/ 


The difference in the above is less than 5 percent, which is due primarily to the fact that the entries in the 
steam table are relatively far apart. A table with more entries would result in less error. 


11.4 Verify the Clapeyron equation for R134a at 500 kPa. 


The Clapeyron equation is (OP/OT), = h fg /Tv fs. From Table D-2 for R134a we find, at 500 kPa using 


central differences, 
OP 600 — 400 M 
(92). е AAE 


We also observe that at P = 500 kPa, Т = 15.74°С, hy, = 184.74 kJ/kg, and vj = 0.0409 — 0.0008056 = 
0.04009 m? /kg. 
Checking the above Clapeyron equation, we have 
184.74 


^ 
15.81 = : = 15.96 
(15.74 + 273)(0.04009) 


This is less than 1 percent difference, verifying the Clapeyron equation. 


11.5 Find an expression for the change in internal energy if P= RT/(v— Б) — (a/v) and 
C, = А + BT. Simplify the expression for an ideal gas with constant specific heats. 


We integrate (11.41) as follows: 


ме fers fre ө 
= fm ars fr At + Sa 
-b v 
T; 
E (A + BT) are |75 
T 


1 1o 1 
= A(T) Т) + 5B(Ti Ti) Ji ) 


Ф 


v2 vı 
For an ideal gas P = RT /v so that a = b = 0, and if C, = const., we set В = 0. Then the above expression 
simplifies to Au = A(T) — Т) = C, (D — Т). 


11.6 Find an expression for C, — C, if the equation of state is 


= N 
v= PRT 


From the equation of state we find (дь/дТ)ь = (R/P) + (a/ RT?). To find (OP/OT), we first write the 
equation of state as 


ах-і 
P= Rr( E zr) 
перад 


so that 


(9) _ (v — b)R + 2a/T 
OT), (v—b+a/RTY 
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Using (11.56) the desired expression is 


TR = b)R+ 2a/T 
cca (Is gerne 
P RT) (v—b+a/RT) 


This reduces to C, — C, — R for an ideal gas; that is, for a — b — 0. 


11.7 The specific heat C, of copper at 200°C is desired. If C, is assumed to be equal to C, estimate the 
error. Use @ = 5x 107° K^, B= 125 GPa, and р = 8770 kg/m’. 


Equation (11.59) provides the relation 


C, — C, = vT B = (=a) (473)(5 x 1075)? (125 x 10°) = 16.85 J/kg.K 


From Table В-4 the specific heat of copper is approximated at 200°C to be about 0.40 kJ/kg-K. Hence, 
C, = C, — 0.01685 = 0.4 — 0.01685 = 0.383 kJ/kg-K 
Assuming C, = 0.4 kJ/kg-K, 


0.4 — 0.383 


% error = ( 0383 


ІШ) = 4.4% 
This error may be significant in certain calculations. 


11.8 The Joule-Thomson coefficient is measured to be 0.001 °R-ft? /Ibf for steam at 600°F and 100 psia. 
Calculate the value of C,. 


Equation (11.63) is used to evaluate C,,. With values from the steam table at 600 °F and 160 psia we find 
1 Ov 1 4.243 — 3.440 
e = 1060) | ~~" | — 3.848 
=e И) | (or) Р ] (сая) | 000) ( 700 — 500 ) | 


= 408 ft-Ibf/Ibm-^R ог 0.524 Btu/Ibm-^R 


11.9 Calculate the change in enthalpy of air which is heated from 300 K and 100 kPa to 700 K and 
2000 kPa using the enthalpy departure chart. Compare with Prob. 4.10(c). 


The reduced temperatures and pressures are 


OT _ 300 _ P, 100 _ 

Жою а ee up e 
700 2000 

Тю = туу = 526 Рю = Fogo = 0.532 


The enthalpy departure chart provides A5 — А, = 0 апа Ат — h; 2 0, so that 

hy — hy = 5 — hi = 713.27 — 300.19 = 413.1 kJ/kg 
where we have used the ideal-gas tables for the ideal-gas enthalpy change h3 — hj. Obviously, the real-gas 
effects in this problem are negligible and the result is the same as that of Prob. 4.10(c). 


11.10 Nitrogen is compressed in a steady-flow device from 1.4 MPa and 20°C to 20 MPa and 200°C. 
Calculate (a) the change in enthalpy, (b) the change in entropy, and (c) the heat transfer if the 
work input is 200 kJ/kg. 


The reduced temperatures and pressures are 


T 293 P, 14 

Tg = | = L = 2.32 Ры = — = — = 0.413 

Кт, 1262 Rl p. 3.39 9 
473 2 

Tp = —— = 3.75 Рр = 20 590 


126.2 
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(a) The enthalpy departure chart allows us to find 


Р hi — hy Tor 126.2 
hi — hı = x : x = (03) (1%) = 1.4 kJ/kg 
о т із Та = (2.5) (52) = 6.8 kJ/kg 


The enthalpy change is found to be 


= 182 kJ/kg 


(b) The entropy departure chart provides 


š- 8 = = = E = 0.004 kJ/kg.K 
Жы Dom = A = 0.02 kJ/kg-K 
The entropy change is then 
sa — sı = (st o s1) + (s2 — s$) + Gt aD) = 0.004 — 0.02 + 1.04 In ЫЕ — 0297 In 2 


— 0.308 kJ /kg-K 


(c) From the first law, q = Ah + w = 182 — 200 = —18 kJ/kg. The negative sign means that heat is leaving 
the device. 


11.11 Methane is compressed isothermally in a steady-flow compressor from 100 kPa and 20°C to 
20 MPa. Calculate the minimum power required if the mass flux is 0.02 kg/s. 


The reduced temperatures and pressures are 


T 293 n 20 
Тю = Tg = к = төрү = 1-53 Pri = теу = 0.02 Pr = —— = 4.31 


Minimum power is required for an isothermal process if the process is reversible, so that the heat transfer is 
given by g = TAs. The entropy change is 


As = (sts + (s; — 55) + (sh — sf) =0- КА + 2.25 In 1 0.518 In 2 = —3.18 kJ/kg.K 


so that q = TAs = (293)(—3.18) = 932 kJ/kg. The first law, q — w = АЛ, requires that we find Ал. 
We find hy — h, = 14 kJ/kmol-K, so that 


x ы К 191.1 
Ah = (im Y. + (ha — №) + О = ( 14)( 16 )- 167 kJ/kg 


Finally, the required power is 


W = (q — Ah) = [932 — (-167)](0.02) = 22 kW 


11.12 Estimate the minimum power needed to compress carbon dioxide in a steady-flow insulated 
compressor from 200 kPa and 20°C to 10 MPa. The inlet flow rate is 0.8 m? /min. 


Minimum power is associated with a reversible process. Insulation results in negligible heat transfer. 
Consequently, an isentropic process is assumed. First, the reduced pressures and temperature are 


Р _ 02 ол Boc nq) аттан 


P = — = 
e P, 739 7.37 T, 3042 
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For the isentropic process As = 0: 


В X Mox $5 — $5 T. 10 
As = 0 = (st—5Y + (s; — 55) + (s$ — st) = 0 + т 2 + 0.842 In 20 = 0.189 In 57 
Since 5, — 55 depends on 75, this equation has Т, as the only unknown. A trial-and-error procedure provides 


the solution. First, let 5) — 5 = 0 and find T; = 705 K. Since 55 — 5 > 0, we try the following: 


222 750 10 

Т.= 150 К, То-24: 0= — 77 + 0.842 In = — 0.189 In t^ = 0.0066 
65. 22 730 10 

= 730 К, То-20% 04 ~ 7 +0842 In => — 0.189 In 57 = —0.016 


Interpolating results in T; = 744 К or 471°C. The work for this steady-flow process can now be found to be 


| 304.2 
w= — Ah = 0 + hå — hy + hi — hå = 0 + (2.0) (=) + (0.842)(20 — 471) 


= —366 kJ/kg 


To find W we must know m = (р1)(0.8/60). The density is found using 


Р, 200 


— = =, 3 
^ — TRE, = (039 0.189)093; = 265 Ke/m 


Finally 


W=nw = Бы (—366) = — 17.8 kW 


Calculate the maximum work that can be produced by steam at 30 MPa and 600°C if it expands 
through the high-pressure stage of a turbine to 6 MPa. Use the charts and compare with tabu- 
lated values from the steam tables. 


Maximum work occurs for an adiabatic reversible process, i.e., for As = 0. The reduced temperature 
and pressures are 


6 
Tr = = = 5 = 1.35 Рр = => = 1.36 Рр = =~ = 0.27 
RI RI R= 31 0 

The isentropic process provides us with Т, by a trial-and-error procedure: 


As = 0 = (si — s1) + (s2 — 53) + (83 — si) = a + 5 — 55 + 1.872 In en — 0.462 In = 


18 
If sy — 55 = 0, we find T; = 521 К or 248°C. Since s; — 55 < 0, we try T; > 521 К: 
24 3 600 6 
Т,-600К, Tg —093: 0 = т – ту + 1,872 In 2 — 0.462 In % = 0.097 
24 3.5 560 6 
Т» =560K, Tr = 0.87: 0= 18 18 + 1.872 In 4737 0.462 Іп 30 = — 0.06 


Interpolation gives Т; = 575 К or 302°C. The work produced is then 
w= —Ah = (hy — hj) + (h3 — hy) + (hi — hå) 


647.4 647.4 30750 — 195 
= cs (S )* «)( T )* ш - Ші = 481 kJ/kg 


where we have used the ideal-gas Table E-6 to find hï — h3. A less accurate value would be found using С, AT. 
To compare with valves obtained directly from the steam tables we use 
s2 = 51 = 6.2339 kJ /kg-K 


+ Ry = 2982 kI/k 
Р, = 6 МРа | DE /kg 


The work is w= — АЛ = hı — h, = 3444 — 2982 = 462 kJ/kg. 
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11.31 


11.32 


11.33 


11.34 


Supplementary Problems 


Using (11.1), estimate the increase in pressure needed to decrease the volume of 2 kg of air 0.04 m? if the 
temperature changes from 30°C to 33°C. The initial volume is 0.8 m?. 


Using (11.1), estimate the temperature change if the pressure changes from 14.7 to 15 psia while the volume 
changes from 2.2 to 2.24 ft). There is 4 Ibm of air. 


Show that the slope of a constant-pressure line on a T-v diagram of an ideal gas increases with temperature. 
Find an expression for the slope of a constant-pressure line on a T-v diagram, if (P + a/v?)(v — b) = RT. 


Write two relationships that result from the differential forms of the first law and the relationship и = u(s, v). 
Verify the two relationships for steam at 300^C and 2 MPa. 


Derive Maxwell relation (11.24) from (11.22) using (11.15). 
Verify (11.25) using the R134a tables at 100 kPa and 0°C. 
Verify (11.23) using the steam tables at 20 kPa and 400°C. 
Verify the Clapeyron equation using steam at 40 psia. 


Use the Clapeyron equation to predict the enthalpy of vaporization / у, of steam at 50°C, (a) assuming that 
steam is an ideal gas; (b) taking v, from the steam table. (c) What is ^, in the steam table? 


Using the Clausius-Clapeyron equation, predict Tsat for Psa, = 0.2 psia using the values in Table C-2E. 
Compare this value with that found from interpolation in Table C-1E. 


(a) Derive the relationship C, = T(0s/OT) , and verify the expression for dh given by (11.43). (b) For an 
ideal gas what is the value of the quantity in brackets in (77.43)? 


Assume an ideal gas with constant C, and C, and derive simplified relationships for s; - sı. Refer to (17.47). 
Show that (а) С, = T(OP/OT),(0v/OT), and (b) C, = — T(OP/OT),(8v/OT),. 


(a) Use Problem 11.27(a) to estimate the value of C, for steam at 2 MPa and 400°C and compare with an 
estimate using C, = (OR/OT), at the same state. (b) Do the same for steam at 4000 psia апа 1000^F. 


(a) Use Problem 11.27(b) to estimate the value of C, for steam at 2 MPa and 400^C and compare with an 
estimate using C, = (Ou/OT), at the same state. (b) Do the same for steam at 4000 psia and 1000^F. 


Using P = RT/v — a/v" and assuming an isothermal process, find expressions for (a) Ah, (b) Au, and 
(c) As. 


Using P = RT/(v — b) and assuming an isothermal process, find expressions for (a) Ah, (b) Au, and (c) As. 
Air undergoes a change from 20°C and 0.8 т? /Ке to 200°C апа 0.03 ті /Ке. Calculate the enthalpy 
change assuming (a) the van der Waals equation of state and constant specific heats, (b) the ideal-gas 
tables, and (c) an ideal gas with constant specific heats. 

Nitrogen undergoes a change from 100°F and 5 ft? /Ibm to 600°F and 0.8 ft? /Ibm. Calculate the enthalpy 
change assuming (a) the van der Waals equation of state and constant specific heats, (5) the ideal-gas tables, 


and (c) an ideal gas with constant specific heats. 


Find an expression for C, — C, if P = RT/v — a/v. 
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Calculate 8 and В for water at 5 MPa and 60°C. Then estimate the difference C, — C,. 
Calculate 3 and В for water at 500 psia and 100^F. Then estimate the difference C, — С,. 


Find an expression for the Joule- Thomson coefficient for a gas if Р = RT/v — a/v. What is the inversion 
temperature (the temperature where ш; = 0)? 


Estimate the Joule- Thomson coefficient for steam at 6 MPa and 600°C using both expressions in (11.63). 
Approximate the value of C, using (0h/OT),. 


Estimate the temperature change of steam that is throttled from 8 MPa and 600°C to 4 MPa. 
Estimate the temperature change of R134a that is throttled from 170 psia and 200°F to 80 psia. 


Calculate the change in the enthalpy of air if its state is changed from 200 K and 900 kPa to 700 K and 6 MPa 
using (a) the enthalpy departure chart and (b) the ideal-gas tables. 


Calculate the change in entropy of nitrogen if its state is changed from 300 ^R and 300 psia to 1000°R and 
600 psia using (a) the entropy departure chart and (b) the ideal-gas tables. 


Estimate the power needed to compress 2 kg/s of methane in a reversible adiabatic process from 400 kPa and 
20°C to 4 MPa in a steady-flow device (a) assuming ideal-gas behavior and (b) accounting for real-gas 
behavior. 


An adiabatic reversible turbine changes the state of 10 kg/min of carbon dioxide from 10 MPa and 700 K to 
400 kPa. Estimate the power produced (a) assuming ideal-gas behavior and (b) accounting for real-gas 
behavior. 


Air is contained in a rigid tank and the temperature is changed from 20°C to 800°C. If the initial pressure is 1600 
kPa, calculate the final pressure and the heat transfer (a) using the enthalpy departure chart and (b) assuming 
ideal-gas behavior. 


Air undergoes an isothermal compression in a piston-cylinder arrangement from 100°F and 14.7 psia to 
1000 psia. Estimate the work required and the heat transfer (a) assuming ideal-gas behavior and (b) account- 
ing for real-gas effects. 


Nitrogen expands in a turbine from 200°C and 20 MPa to 20°C and 2 MPa. Estimate the power produced if 
the mass flux is 3 kg/s. 


Answers to Supplementary Problems 


13.7 kPa 

0.8519Е 

Slope = T/v 

(P — a/v" + 2ab/v°)/R 

T = (0u/0s),, P = — (ди /дъ), 

(а) 2407 kJ/kg (b) 2397 kJ/kg (с) 2383 kJ/kg 

71°Е, 53°F 

(b) zero 

C,In T/T, + R In v/v, C, In Т/Т — В ln Р/Р 

(а) 2.25 kJ/kg-K vs. 2.21 kJ/kg-K — (b) 0.871 Btu/Ibm-^R vs. 0.860 Btu/Ibm-^R 
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11.29 
11.30 
11.31 
11.32 
11.33 
11.34 
11.35 
11.36 
11.37 
11.38 
11.39 
11.40 
11.41 
11.42 
11.43 
11.44 
11.45 
11.46 
11.47 


(а) 1.87 kJ/kg-K vs. 1.66 kJ/kg.K (Б) 0.543 Btu/Ibm-°R vs. 0.500 Btu/lbm-°R 
(а) Pava — Pivi + a(1/vi — 1/0) | (b)a(1/vi —1/v) (c) R In v/v 
(а) Pv; — Ро (0 (c) Rin [(v — b)/(vi — B)] 

(а) 182 kJ/kg (Б) 182 kJ/kg (с) 180 kJ/kg 

(а) 123 Btu/Ibm (Б) 126 Btu/Ibm (с) 124 Btu/Ibm 

TR’ v/( Pv" — a) 

5.22 x 10^ K7!, 2.31 x 10° kPa, 0.212 kJ/kg.K 

1.987 x 1074987, 48.3 x 10° psf, 0.0221 Btu/Ibm-^R 

2av/|C, (RvT — 2a)], (Pi — a)/ Ко 

3.45°C/MPa, 3.46°C/MPa 

—14°С 

—14°Е 

(а) 518 kJ/kg (Б) 513 kJ/kg 

(а) 0.265 Btu/Ibm-^R (Р) 0.251 Btu/Ibm-^R 

(а) 923 kW (b) 923 kW 

(а) 61.2 kW (b) 59.7 kW 

(a) 614 kJ/kg (b) 612 kJ/kg 

(а) —162 Btu/Ibm, —162Btu/Ibm; (b) —164 Btu/Ibm, —168 Btu/Ibm 
544 kW 


Mixtures 
and Solutions 


12.1 BASIC DEFINITIONS 


Thus far in our thermodynamic analyses we have considered only single-component systems. In this 
chapter we develop methods for determining thermodynamic properties of a mixture for applying the 
first law to systems involving mixtures. 

We begin by defining two terms which describe and define a mixture. The mole fraction y 1s defined as 


y=% (12.1) 


where N; is the number of moles of the ith component and N is the total number of moles. The mass 
fraction mf is defined as 


mf, = — (12.2) 


where т; is the mass of the ith component and т is the total mass of the mixture. Clearly, the total 
number of moles and the total mass of a mixture are given, respectively, by 


N=N,+N.+N34+°-°- m=m; +m +m +: (12.3) 


Dividing the above equations by N and m, respectively, we see that 


Уу; = 1 Ут; = 1 (12.4) 
The (mean) molecular weight of a mixture is given by 
XN; Mi 
м=” = E LAS XE (12.5) 
N N 
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The mixture’s gas constant is then 


R 
R=— 12.6 
= (12.6) 
where R, denotes, as in Chapter 2, the universal molar gas constant. 
Analyzing a mixture on the basis of mass (or weight) is gravimetric analysis. Analyzing a mixture on 


the basis of moles (or volume) is volumetric analysis. The type of analysis must be stated. 


EXAMPLE 12.1 Molar analysis of air indicates that it is composed primarily of nitrogen (78%) and oxygen 
(22%). Determine (a) the mole fractions, (b) the gravimetric analysis, (c) its molecular weight, and (4) its gas 
constant. Compare with values from Appendix B. 
Solution: 
(а) The mole fractions are given as уу = 0.78 and y; = 0.22, where the subscript | refers to nitrogen and 
2 to oxygen. 
(b) If there are 100 mol of the mixture, the mass of each component is 


m; = N,M, = (78)(28) = 2184 kg 
т = 2888 kg 
Gravimetric analysis yields 
_ my 2184 — т; _ 104 _ 


ог, by mass, the mixture is 75.6% М» and 24.4% О». 

(c) The molecular weight of the mixture is М = m/N = 2888/100 = 28.9 kg/kmol. This compares with 
28.97 kg/kmol from the appendix, an error of —0.24%. 

(d) The gas constant for air is calculated to be R — R,/M = 8.314/28.9 = 0.288 kJ/kg-K. This compares 
with 0.287 kJ/kg-K from the appendix, an error of 0.35%. 


By including argon as a component of air, the above calculations could be improved. However, it's obvious 
that the above analysis is quite acceptable. 


12.3 IDEAL-GAS LAW FOR MIXTURES 


Two models are used to obtain the P-v-T relation for a mixture of ideal gases. The Amagat model 
treats each component as though it exists separately at the same pressure and temperature of the mixture; 
the total volume is the sum of the volumes of the components. In this chapter we use the Dalton model, in 
which each component occupies the same volume and has the same temperature as the mixture; the total 
pressure is the sum of the component pressures, termed the partial pressures. For the Dalton model 


Р= Р + Р, + Р; + ·:· (12.7) 
For any component of a mixture of ideal gases the ideal-gas law is 
МКТ 


Р, 12.8 
ү (12.8) 

For the mixture as a whole we have 

NR, T 
P= и (12.9) 
ү 
so that 
P. N;R,T/V М; 

1 A 1 и / 25 1 25 yi (12.10) 


P МКТУ N “| 
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EXAMPLE 12.2 A rigid tank contains 2 kg of М» and 4 kg of СО» at a temperature of 25°C and 2 MPa. Find 
the partial pressures of the two gases and the gas constant of the mixture. 

Solution: To find the partial pressures we need the mole fractions. The moles of М» and СО; are, 
respectively, 


2 
M= T = gg = 00714 mol 
Е P 2. N = 0.1623 mol 
= ae SS = 
№ = М, Sd 0.0909 mol 
The mole fractions are 
Np 0.0714 № _ 0.0909 _ 
л жое Ege c 


The partial pressures are 
P, = y, P = (0.44)(2) = 0.88 MPa P, = УР = (0.56)(2) = 1.12 MPa 


The molecular weight is М = Муу + Му = (28)(0.44) + (44)(0.56) = 36.96 kg/kmol. The gas constant of the 
mixture is then 


R, 8314 
R= FF = леш = 0-225 ККЕ К 


12.3 PROPERTIES OF A MIXTURE OF IDEAL GASES 


The extensive properties of a mixture, such as H, U, and S, can be found by simply adding the 
contributions of each component. For example, the total enthalpy of a mixture is 


H = УН = Н + ЮН + Н+ (12.11) 
In terms of the specific enthalpy h, 


where the overbar denotes a mole basis. Dividing the above two equations by m and N, respectively, we 
see that 


h = Xmfh; and h = Xyjh, (12.13) 
Since the specific heat C, is related to the change in the enthalpy, we may write 
Ah — C, AT and Ah; = С, AT (12.14) 
so that 
Ah = C, AT = Ут (С, ; AT) (12.15) 
Dividing both sides by AT, there results 
C, = XmfiC, i (12.16) 
The molar specific heat is 
Cp = Xy, (12.17) 


Likewise, using internal energy we would find 


C, = XmfiC, ; Се Ху, (12.18) 


CHAP. 12] MIXTURES AND SOLUTIONS 287 


EXAMPLE 12.3 Gravimetric analysis of a mixture of three gases indicates 20% №, 40% СО», and 40% О». 
Find the heat transfer needed to increase the temperature of 20 Ibm of the mixture from 80°F to 300 °F in a rigid 
tank. 

Solution: The heat transfer needed is given by the first law as (the work is zero for a rigid tank) 
О = AU = m Au = тс, AT. We must find C,. It is given by (12.18a) as 


C, = mf C, 1 + mf2Cy, 2 т), 3 = (0.2)(0.177) + (0.4)(0.158) + (0.4)(0.157) 
= 0.161 Btu/Ibm-^R 


The heat transfer is then Q — mC, AT — (20)(0.161)(300 — 80) — 708 Btu. 


EXAMPLE 12.4 A mixture is composed of 2 mol CO, and 4 mol Ns. It is compressed adiabatically in а 
cylinder from 100 kPa and 20°C to 2 MPa. Assuming constant specific heats, calculate (a) the final temperature, 
(b) the work required, and (c) the change in entropy. 
Solution: 
(а) The temperature is found using the isentropic relationship T; = T1( P5/ py SDR 
Let's find k for the mixture. The mass is m = N; Mı + N5M» = (2) (44) + (4)(28) = 200 kg. The specific 


heats are 
C, = тС, 1, - тђһС, = 88. (0.653) + 12) (0.745) = 0.705 kJ /k K 
v = Mf Cy 1 T трус 2 = 200 . 200 . = Wh g 
88 112 
C, — тС, 1 +тђС, = 200 (0.842) + 200 (1.042) = 0.954kJ/kg-K 


The ratio of specific heats is k = C,/C, = 0.954/0.705 = 1.353. Consequently, the final temperature is 


(к= 1)/к 0.353/1.353 
Р. 2) 
Т = Т (2) = (293) (тоор) = 640 К ог367°С 


(b) The work is found using the first law with О = 0: 
W = —AU = —mAu= — mc, AT = (— 200)(0.705)(367 — 20) = —48.9MJ 
(c) The entropy change is 
As — Cin 2 - Rh 
— 0954 In 640 8.314 2000 


293 Qaa + (08) їй “у = 0.00184 kJ/kg-K 


Obviously, the entropy change should be zero for this isentropic process. The above small value is a measure of 
the error in our calculations. 


12.4 GAS-VAPOR MIXTURES 


Air is a mixture of nitrogen, oxygen, and argon plus traces of some other gases. When water vapor is not 
included, we refer to it as dry air. If water vapor is included, as in atmospheric air, we must be careful to 
properly account for it. At the relatively low atmospheric temperature we can treat dry air as an ideal gas 
with constant specific heats. It is also possible to treat the water vapor in the air as an ideal gas, even though 
the water vapor may be at the saturation state; for example, at 1 kPa we find (using R = 0.462 kJ/kg-K 
from Table B-2) v 2 RT/P — 129 m/ kg, the same value as v, in Table C-2. Consequently, we can consider 
atmospheric air to be a mixture of two ideal gases. By (/2.7), the total pressure is the sum of the partial 
pressure P, of the dry air and the partial pressure P, of the water vapor (called the vapor pressure): 


P=P,+P, (12.19) 
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h = const. 


Fig. 12-1 T-s diagram for the water-vapor component. 


Since we assume that the water vapor is an ideal gas, its enthalpy is dependent on temperature only. 
Hence we use the enthalpy of the water vapor to be the enthalpy of saturated water vapor at the 
temperature of the air, expressed as 


h,(T) = h,(T) (12.20) 


In Fig. 12-1 this means that A; = A; where h, = h, from the steam tables at T = Тү. This is acceptable 
for situations in which the pressure is relatively low (near atmospheric pressure) and the temperature is 
below about 60°C (140°F). 

The amount of water vapor in the air is related to the relative humidity and the humidity ratio. The 
relative humidity ф is defined as the ratio of the mass of the water vapor m, to the maximum amount of 
water vapor m, the air can hold at the same temperature: 


oes cum (12.21) 
m 
5 
Using the ideal-gas law we find 
P,V/R,T P, 
pa I (12.22) 
P,VIR,T P, 


where the constant-pressure lines for P, and P, are shown in Fig. 12-1. 
The humidity ratio о (also referred to as specific humidity) is the ratio of the mass of water vapor to 
the mass of dry air: 


o= — (12.23) 


Using the ideal-gas law for air and water vapor, this becomes 


_ BV/RT РБ, 
m P,V/R,T i P,/R, 


12.2 
|. P,/0.4615 — 0.622 Р; (252 
7 B,/0287 ССР, 
Combining (12.24) and (12.22), we relate the above two quantities as 
ФР, wP 
= 0.622 — = 1.608 — 12.2 
wo=0 Р, ф 0 P, (12.25) 


Note that at state 3 in Fig. 12-1 the relative humidity is 1.0 (100%). Also note that for a given mass of 
water vapor in the air, œ remains constant but ф varies depending on the temperature. 

The temperature of the air as measured by a conventional thermometer is referred to as the dry-bulb 
temperature T (T, in Fig. 12-1). The temperature at which condensation begins if air is cooled at constant 
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pressure is the dew-point temperature Tap, (T; in Fig. 12-1). If the temperature falls below the dew-point 
temperature, condensation occurs and the amount of water vapor in the air decreases. This may occur on 
a cool evening; it also may occur on the cool coils of an air conditioner. 


EXAMPLE 12.5 The air at 25°C and 100 kPa in a 150-m? room has a relative humidity of 60%. Calculate 
(a) the humidity ratio, (b) the dew point, (c) the mass of water vapor in the air, and (d) the mole fraction of 
the water vapor. 

Solution: 

(a) By (12.22), P, = Р„ф = (3.169)(0.6) = 1.90 kPa, where P, is the saturation pressure at 25°C found in 
Table C-1. The partial pressure of the air is then P, — P — P, — 100 — 1.9 — 98.1 kPa, where we have 
used the total pressure of the air in the room to be at 100 kPa. The humidity ratio is then 

w= 0.622 = (0.622) (42) = 0.01205 kg H5O/kg dry air 

(b) The dew point is the temperature 7; of Fig. 12-1 associated with the partial pressure P,. It is found by 
interpolation in Table C-1 or Table C-2, whichever appears to be easier: Ту, = 16.6°C. 

(c) From the definition of the humidity ratio the mass of water vapor is found to be 


P,V (98.1)(150) 
= = = (00123855) || = 2.07 Е 
ЕЕ = 9 КЕЕ = 
(а) То find the mole fraction of the water vapor, we first find the total moles: 
ойы ЖЫ _ m, (98.1)(150)/(0.287)(298) _ 
N, = M, = d8 = 0.1152 mol Na = M, = 28.97 = 5.94 mol 


The mole fraction of the water vapor is 


E 0.1152 
~ 5.94 + 0.1152 


This demonstrates that air with 60% humidity is about 2% water vapor by volume. We usually ignore this 
when analyzing air, as in Example 12.1, and consider air to be dry air. Ignoring the water vapor does not lead to 
significant error in most engineering applications. It must be included, however, when considering problems 
involving, for example, combustion and air-conditioning. 


у, = 0.0194 


EXAMPLE 12.6 The air in Example 12.5 is cooled below the dew point to 10°C. (a) Estimate the amount of 
water vapor that will condense. (b) Reheat the air back to 25°C and calculate the relative humidity. 
Solution: 
(a) At 10°C the air is saturated, with ф = 100%. In Fig. 12-1 we are at a state on the saturation line that 
lies below state 3. At 10°C we find from Table C-1 that P, = 1.228 kPa, so that 


P, = P — P, = 100 — 1.228 = 98.77 kPa 


The humidity ratio is then о = (0.622) (P,/ P4) = (0.622)(1.228/98.77) = 0.00773 kg H5O/kg dry air. 
The difference in the humidity ratio just calculated and the humidity ratio of Example 12.5 is 
Ав = 0.01205 — 0.00773 = 0.00432 kg H5O/kg dry air. The mass of water vapor removed (condensed) 
is found to be 


Am, = Awm, = (0.00432) | Sanam = 0.743 kg H,O 


(0.287) (298) 
where we have used the initial mass of dry air. 

(b) As we reheat the air back to 25°C, the о remains constant at 0.00773. Using (12.25), the relative 
humidity is then reduced to 


OP a _ ү 69g (0-00773)(98.77) 


= 1.608 
в 3.169 


= 0.387 ог 38.7% 


where Р, is used as the saturation pressure at 25°C from Table C-1. 
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Fig. 12-2 Setup used to find o of air. 


12.5 ADIABATIC SATURATION AND WET-BULB TEMPERATURES 


It is quite difficult to measure the relative humidity and the humidity ratio directly, at least with any 
degree of accuracy. This section presents two indirect methods for determining these quantities accurately. 

Consider a relatively long insulated channel, shown in Fig. 12-2; air with an unknown relative 
humidity enters, moisture is added to the air by the pool of water, and saturated air exits. This process 
involves no heat transfer because the channel is insulated and hence it is called the adiabatic saturation 
process. The exit temperature is the adiabatic saturation temperature. Let us find an expression for the 
humidity ratio. Consider that the liquid water added is at temperature Т). An energy balance on this 
control volume, neglecting kinetic and potential energy changes, is done considering the dry air and the 
water vapor components. With Q — W — 0 we have 


тайлы + таћа + Туй = hazhar + mh, (12.26) 
But, from conservation of mass for both the dry air and the water vapor, 
Hy = Maz = Ma my +m, = mo (12.27) 
Using the definition of о in (12.23), the above equations allow us to write 
Myo, + m y = oMa (12.28) 
Substituting this into (12.26) for m y, there results, using h, = hg, 
ri oy, + аһа + (92 = w1) Mgh f2 = mah» + «әта ә (12.29) 
At state 2 we know that ф = 1.0 and, using (12.25), 


Р 
е 620 eee oe 12. 
027) 0 Р Р, ( 30) 


Thus, (72.29) becomes 


05h ро + С,(Т,- Ti) 
Net = hp 


w = (12.31) 
where hg — hai = C,(T; — Тү) for the dry air and A, = А, — A f2. Consequently, if we measure the 
temperatures Т, and Т, and the total pressure P we can find о» from (12.30) with the remaining 
quantities in (12.31) given in Appendix C. 

Because Т; is significantly less than Т, the apparatus sketched in Fig. 12-2 can be used to cool an 
airstream. This is done in relatively dry climates so that 7» is reduced but usually not to the saturation 
temperature. Such a device is often referred to as a “swamp cooler." A fan blowing air through a series 
of wicks that stand in water is quite effective at cooling low-humidity air. 

Using the device of Fig. 12-2 to obtain the adiabatic saturation temperature is a rather involved 
process. A much simpler approach is to wrap the bulb of a thermometer with a cotton wick saturated 
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with water, and then either to blow air over the wick or to swing the thermometer through the air until 
the temperature reaches a steady-state value. This wet-bulb temperature T, y, and the adiabatic saturation 
temperature are essentially the same for water if the pressure is approximately atmospheric. 


EXAMPLE 12.7 The dry-bulb and wet-bulb temperatures of a 14.7-psia airstream are 100°F and 80°F, 
respectively. Determine (a) the humidity ratio, (b) the relative humidity, and (c) the specific enthalpy of the air. 
Solution: 
(a) We use (12.31) to find о. But first œ is found using (12.30): 


Р, 0.5073 
= 82 E — | = 
w = 0.6225 rap Re (өөе2)( т = ix) 0.0222 
where P, is the saturation pressure at 80°F. Now (12.30) gives 


азо + Cp(T2 — Tj) _ (0.0222)(1048) + (0.24)(80 — 100) 


hg = hp 1105 — 48.09 
= 0.01747 H50/Ibm dry air 
(b) The partial pressure of the water vapor is found using (12.24): 
Р € Pu а Е 1 
0 = Lee ру 0.01747 = ТАЕР ^. Py, = 0.402 psia 


The relative humidity is obtained from (12.22: ф = Р/Р, = 0.402/0.9503 = 0.423 ог 42.3%. 
(c) The specific enthalpy is found by assuming a zero value for air at Т = 0^F. The enthalpy for the 
mixture is H = Н, + Н, =m,h, +m,h,. Dividing by m,, we find that 
h = h, + wh, = C,T + oh, 
= (0.24)(100) + (0.01747)(1105) 
= 43.3 Btu/lbm dry air 


where we have used h, = h, (see Fig. 12-2). The enthalpy is always expressed per mass unit of dry air. 


12.6 THE PSYCHROMETRIC CHART 


A convenient way of relating the various properties associated with a water vapor-air mixture is to 
plot these quantities on a psychrometric chart such as Fig. 12-3 or (for standard atmospheric pressure) 
Fig. F-1 in the Appendix. Any two of the properties establishes a state from which the other properties 
are determined. As an example, consider a state A that is located by specifying the dry-bulb temperature 
and the relative humidity. The wet-bulb temperature would be read at 1, the dew-point temperature at 2, 
the enthalpy at 3, and the humidity ratio at 4. Referring to Fig. F-1, a dry-bulb temperature of 30°C and 
a relative humidity of 80% would provide the following: Tap. = 26°C, Twp. = 27°C, h = 85 kJ/kg dry 
air, and w = 0.0215 kg H,O/kg dry air. The chart provides us with a quick, relatively accurate method 
for finding the quantities of interest. If the pressure is significantly different from standard atmospheric 
pressure, the equations presented in the preceding sections must be used. 


EXAMPLE 12.8 Using Fig. F-1E, rework Example 12.7 (Ті, = 100°F, Tw». = 80°F) to find о, ф, and h. 
Solution: Using the chart, the intersection of Tj,, = 100°F and Ty». = 80°F gives 


c = 0.0175 Тып H5O/Ibm dry air ф = 42% h = 44 Btu/Ibm dry air 


These values are less accurate than those calculated in Example 12.7, but certainly are acceptable. 
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Fig. 12-5 The psychrometric chart. 


127 AIR-CONDITIONING PROCESSES 


Generally, people feel most comfortable when the air is in the “comfort zone": the temperature is 
between 22°C (72°F) and 27°C (80°F) and the relative humidity is between 40% and 60%. In Fig. 12-4, 
the area enclosed by the heavy dotted lines represents the comfort zone. There are several situations in 
which air must be conditioned to put it in the comfort zone: 


e The air 15 too cold or too hot. Heat is simply added or extracted. This is represented by A—C and 
B—C in Fig. 12-4. 

e The air is too cold and the humidity is too low. The air can first be heated, and then moisture 
added, as in D—E-C. 

e The temperature is acceptable but the humidity is too high. The air is first cooled from F to G. 
Moisture is removed from С to Н. Heat is added from H to 1. 

e The air is too hot and the humidity is low. Moisture is added, and the process represented by 
J—K results. 

e An airstream from the outside is mixed with an airstream from the inside to provide natural 
cooling or fresh air. Process /—M represents the warmer inside air mixed with the outside air 
represented by L—M. State M represents the mixed air. 


Each of these situations will be considered in the following examples. The first law will be used to predict 
the heating or cooling needed or to establish the final state. 


EXAMPLE 12.9 Outside air at 5°C and 70% relative humidity is heated to 25°C. Calculate the rate of heat 
transfer needed if the incoming volume flow rate is 50 m/min. Also, find the final relative humidity. Assume 
P — 100 kPa. 


Solution: The density of dry air is found using the partial pressure Р in the ideal-gas law: 
Ра = P — Py = P — ӘР, = 100 — (0.7)(0.872) = 99.4 kPa 

Pa 99.4 

R,T, (0.287)(278) 


S = 1.246 kg/m? 
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C: Heating 

C: Cooling 

C: Heating and humidifying 
I: Dehumidifying 

K: Evaporative cooling 
L-M/I-M: Mixing airstreams 


A- 
B- 
D-E- 
F-G-H- 
J- 


Fig. 12-4 The conditioning of air. 


The mass flux of dry air is then m, = (50/60)(1.246) = 1.038 kg/s. Using the psychrometric chart at state 1 
(T, = 5°C, фу = 70%), we find л; = 14 kJ/kg air. Since w remains constant (no moisture is added or removed), 
we follow curve A— C in Fig. 12-4; at state 2 we find that h) = 35 kJ/kg air. Hence, 


О = m,(hy — һу) = 1.038(35 — 14) = 11.4 KJ/s 


At state 2 we also note from the chart that œ) = 19%. 


EXAMPLE 12.10 Outside air at 5°C and 40% relative humidity is heated to 25°C and the final relative humidity 
is raised to 40% while the temperature remains constant by introducing steam at 400 kPa into the airstream. (a) Find 
the needed rate of heat transfer if the incoming volume flow rate of air is 60 m) min. (b) Calculate the rate of steam 


supplied. 


(c) Calculate the state of the steam introduced. 


Solution: 


(a) 


The process we must follow is first simple heating and then humidification; the latter is sketched as 
D-E- C in Fig. 12-4, except the E—C leg is vertical at constant temperature. The partial pressure of dry 
air is 

Р = P — P4 = P — ӘР, = 100 — (0.4)(0.872) = 99.7 kPa 
where we have assumed standard atmospheric pressure. The dry air density is 
ЕЕ 99.7 
R,T, (0.287)(278) 
so that the mass flux of dry air is m, = (60/60)(125) = 1.25 kg/s. The rate of heat addition is found 


using h; and h, from the psychrometric chart: 


О = rha(hy — hy) = (1.25)(31 — 10) = 26.2kJ/s 


= 1.25kg/m? 


Pal = 
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e assume that all the heating is done in the D—E process and that humidification takes place in a 

b) W that all the heating is d the D-E p d that humidification takes pl 
process in which the steam is mixed with the air flow. Assuming a constant temperature in the mixing 
process, conservation of mass demands that 


т, = (ex — өз), = (0.008 — 0.0021)(1.25) = 0.0074 kg/s 


where the air enters the humidifier at state 2 and leaves at state 3. 
(c) An energy balance around the humidifier provides us with h,m, = (h3 — hy)m,. Hence, 


та _ ff MS = 
This is less than h, at 400 kPa. Consequently, the temperature is 143.6°C and the quality is 
2365 — 604.7 
а ода т 0.82 


Only two significant figures аге used because of the inaccuracy of the enthalpy values. 


EXAMPLE 12.11 Outside air at 80°F and 90% relative humidity is conditioned so that it enters a building at 
75°F and 40% relative humidity. Estimate (a) the amount of moisture removed, (b) the heat removed, and (c) the 
necessary added heat. 
Solution: 
(а) The overall process is sketched as F—G—H-—I in Fig. 12-4. Heat is removed during the F—H process, 
moisture is removed during the G—H process, and heat is added during the H—I process. Using the 
psychrometric chart, we find the moisture removed to be 


Aw = ox — œ = 0.0075 — 0.0177 = — 0.010 Ibm H5O/Ibm dry air 


where states 2 and 3 are at G and H, respectively. 

(b) The heat that must be removed to cause the air to follow the F—G—H process is q = h3 — hı = 
20 — 39.5 = —18.5 Btu/Ibm dry air. 

(c) The heat that must be added to change the state of the air from the saturated state at H to the desired 
state at I is 


q = h4 — h; = 26.5 — 20 = 6.5 Btu/Ibm dry air 


EXAMPLE 12.12 Hot, dry air at 40°C and 10% relative humidity passes through an evaporative cooler. 
Water is added as the air passes through a series of wicks and the mixture exits at 27°C. Find (a) the outlet 
relative humidity, (b) the amount of water added, and (c) the lowest temperature that could be realized. 
Solution: 
(a) The heat transfer is negligible in an evaporative cooler, so that h) & hi. A constant enthalpy line is 
shown in Fig. 12-4 and is represented by J— K. From the psychrometric chart we find, at 27°C, 
фо = 45%. 
(b) The added water is found to be о — а) = 0.010 — 0.0046 = 0.0054 kg H,O/kg dry air. 
(c) The lowest possible temperature occurs when ф = 100%: Tin = 18.5 °С. 


EXAMPLE 12.13 Outside cool air at 15°C and 40% relative humidity (airstream 1) is mixed with inside air 
taken near the ceiling at 32°C and 70% relative humidity (airstream 2). Determine the relative humidity and 
temperature of the resultant airstream 3 if the outside flow rate is 40 m?/min and the inside flow rate is 20 т? /min. 
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Solution: An energy and mass balance of the mixing of airstream 1 with airstream 2 to produce airstream 3 
would reveal the following facts relative to the psychrometric chart: 

State 3 lies on a straight line connecting state 1 and state 2. 

The ratio of the distance 2—3 to the distance 3-1 is equal to m/m. 
State 1 and state 2 can be located on the psychrometric chart. We must determine m,, and m: 


Ри = P — P, = 100— 1.7 = 98.3 kPa Р» = P — P, = 100 — 4.8 = 95.2 kPa 
98.3 5 95.2 ^ 
: Бе ee E B ———-— =1.09К 
Ра = (9287) (288) g/m Ра ылу = 109 ke/m 
сафа = (40)(1.19) = 47.6 kg/min Фа = (20)(1.09) = 21.8 kg/min 
State 3 is located by the ratio do. 3/4; | = mg,/m gz = 47.6/21.8 = 2.18, where d». 4 is the distance from state 2 


to state 3. State 3 is positioned on the psychrometric chart, and we find $4 = 63% and T; = 20.2°C. 


EXAMPLE 12.14 Water is used to remove the heat from the condenser of a power plant. 10000 kg per minute 
of 40°C water enters a cooling tower, as shown in Fig. 12-5. Water leaves at 25°C. Air enters at 20°C and leaves 
at 32°C. Estimate (а) the volume flow rate of air into the cooling tower, and (b) the mass flux of water that 
leaves the cooling tower from the bottom. 


(2) Air at 32°C, 98% humidity 


© Air at 20 °C, 50% humidity 
0 


Fig. 12-5 


Solution: 
(а) An energy balance for the cooling tower provides mahı + m,3h3 = Mazho + m,4h4, where йд = 
Ma2 = m, is the mass flux of dry air. From the psychrometric chart we find 


hı = 37 kJ/kg dry air hy = 110 kJ/kg dry air €, = 0.0073 kg H,O/kg dry air 
а» = 0.0302 kg H,O/kg dry air 


From the steam tables we use h , at the given temperature and find Л; = 167.5 kJ/kg and h4 = 104.9 kJ/kg. 
A mass balance on the water results in m4 = туз — (а» — @,)m,. Substituting this into the energy 
balance, with m,, = т = Ma, 


My3(hg — h3) Ы (10000)(104.9 — 167.5) 


= = = 8870 kg/mi 
“= p h +lo— 37 — 110 + (0.0302 — 0.0073)(104.9) gmin 


m 
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From the psychrometric chart we find that v; = 0.84 m? /kg dry air. This allows us to find the volume 
flow rate: 


Volume flow rate = m,v, = (8870)(0.84) = 7450 m? /min 


This air flow rate requires fans, although there is some “‘chimney effect" since the hotter air wants to rise. 
(b) m4 = my3 — (0 — ол), = 10000 — (0.0302 — 0.0073) (8870) = 9800 kg/min 


If the exiting water is returned to the condenser, it must be augmented by 200 kg/min so that 10000 kg/min is 
furnished. The added water is called makeup water. 


Solved Problems 
12.1 Gravimetric analysis of a mixture indicates 2 kg М», 4 kg О», and 6 kg СО». Determine (a) the mass 


fraction of each component, (b) the mole fraction of each component, (с) the molecular weight of 
the mixture, and (d) its gas constant. 


(a) The total mass of the mixture is m = 2 + 4 + 6 = 12 kg. The respective mass fractions are 
2 4 6 
mf, = 137 0.1667 mf = p 0.3333 mf; = 1955 0.5 


(b) To find the mole fractions we first determine the number of moles of each component: 


2 4 6 
№ = $87 0.0714 kmol № = 337 0.125 kmol N; = m 0.1364 kmol 
The total number of moles is N = 0.0714 + 0.125 + 0.1364 = 0.3328 mol. The respective mole fractions 
are 
0.0714 0.125 0.1364 
w= oaa - es аз озар AS 
(с) The molecular weight of the mixture is М = m/N = 12/0.3328 = 36.1 kg/kmol. Alternatively, we could 
write 
M= > y; M; = (0.215)(28) + (0.376)(32) + (0.410)(44) = 36.1 kg/kmol 
: R, 8.314 
(а) The gas constant is А = MW ЗД. = 0.230 kJ/kg-K. 


12.2 The partial pressure of each component of a mixture of М» and О» is 10 psia. If the temperature is 
80°F find the specific volume of the mixture. 


The mole fractions are equal since the partial pressures are equal [see (/2./0)]: y = 0.5 and y; = 0.5. 
The molecular weight is then 


M = V y;M; = (0.5) 28) + (0.5)(32) = 40 Ibm/Ibmol 
and the gas constant is R = R,/M = 1545/40 = 38.6 ft-Ibf/Ibm- ^R. Hence, 


RT (38.6)(540) 
ала з» 7.24 fÜ/Ibm 


12.3 A mixture of ideal gases consists of 2 kmol CHy, 1 kmol М», and 1 kmol СО», all at 20°C and 
20 kPa. Heat is added until the temperature increases to 400^C while the pressure remains 
constant. Calculate (a) the heat transfer, (b) the work done, and (c) the change in entropy. 
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12.4 


12.5 


To find the quantities of interest we first calculate the specific heats of the mixture, using Table B-2: 


m, = (2)(16) = 32 kg 


т» = (1)(14) = 14kg som = 90 kg 
m3 = (1)(44) = 44 kg 
32 14 44 


Cp = M mfiC,,, = (0.356)(2.254) + (0.1556) (1.042) + (0.489)(0.842) = 1.376 kI/kg-K 
C, = V mf,C,, = (0.356)(1.735) + (0.1556) (0.745) + (0.489) (0.653) = 1.053 kI/kg-K 


(a) For a constant-pressure process, О = AH = mC, AT = (90)(1.376)(400 — 20) = 47060 kJ. 
(b) W = Q — AU = Q — mC, AT = 47060 — (90)(1.053)(400 — 20) = 11050 kJ 
(c) AS = m(C, In T/T, — R ln 1) = (90)(1.376 In 673/293) = 103.0 kJ/K 


An insulated, rigid tank contains 2 mol М» at 20°C and 200 kPa separated by a membrane from 
4 mol CO, at 100^C and 100 kPa. The membrane ruptures and the mixture reaches equilibrium. 
Calculate the final temperature and pressure. 


The first law, with О = W = 0, requires 0 = AU = N\C,, |(Т — 20) + М-С, (Т — 100). The specific heat 
С„ = M;C, i- Using values from Table B2, we have 


0 = (2)(28)(0.745)(T — 20) + (4)(44)(0.653)(T — 100) 


This equation can be solved to yield the equilibrium temperature as T = 78.7°C. Тһе initial volumes 
occupied by the gases are 
. N,R,T,  (2)(8.314)(293) _ N,R,T; (4)(8.314)(373) 


= = 3 =. = 3 
РГО 200 — 24.36 m У, Ру С 100 = 124m 


Vi 


The total volume remains fixed at 124.0 + 24.4 = 148.4 m°. The pressure is then 


p. NRT _ (6)(8.314)(273 + 78.7) 


y = 1484 = 118.2 kPa 


A mixture of 40% М» and 60% О» by weight is compressed from 70°F and 14.7 psia to 60 psia. 
Estimate the horsepower required by an 80 percent-efficient compressor and the entropy change, 
if the mass flux is 10 Ibm/min. 


The efficiency of a compressor is based on an isentropic process. Let us find k and C,: 


C, = тС, 1 + тЬС, 2 = (0.4) (0.248) + (0.6)(0.219) = 0.231 Btu/Ibm-^R 
C, = mfiC, 1 + тС, = (0.4) (0.177) + (0.6)(0.157) = 0.165 Btu/Ibm-^R 


(k—1)/k (14—1)/1.4 
P. 6 
Т = Т (2) = (530) (5) — 792?R 


For an ideal compressor, Weomp = mAh = mC, AT = (19)(0.231)(778)(792 — 530) = 7850 ft-Ibf/sec, where 
the factor 778 ft-lbf/Btu provides us with the desired units. If the compressor is 80 percent efficient, the 
actual power is Weomp = 7850/0.8 = 9810 ft-lbf/sec or 17.8 hp. 

To find the entropy change we need the actual outlet temperature. Using the definition of compressor 
efficiency, 
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we find 0.8 = (792 — 530)/(T; — 530) and 7 = 857.5°R. The change in entropy is then 


Р, 857.5 60 
As = In == — R In ~ = 0.231 In —— — 0.066 In —~ = 0.0183 Btu/Ibm-°R 
s=C, In 1% 0 п 339 0.0 n 147 0.0 u/Ibm 


where we have used R = C, — C, = 0.231 — 0.165 = 0.066 Btu/Ibm-^R. 


Outside air at 30°C and 100 kPa is observed to have a dew point of 20°C. Find the relative 
humidity, the partial pressure of the dry air, and the humidity ratio using equations only. 


At 30°C we find the saturation pressure from Table C-1 (see Fig. 12-1) to be P, = 4.246 kPa. At 20°C 
the partial pressure of the water vapor is P, — 2.338 kPa. Consequently, the relative humidity is 


ф= — = —— = 0.551 or 55.1% 
The partial pressure of the dry air is P, = P — P, = 100 — 2.338 = 97.66 kPa. The humidity ratio is found to be 


o = 0.622 = (0.622) (44%) = 0.01489 kg H5O/kg dry air 


Outside air at 25°C has a relative humidity of 60%. What would be the expected wet-bulb 
temperature? 


We assume an atmospheric pressure of 100 kPa. The saturation pressure at 25°C is P, = 3.169 kPa, so that 
P, = ФР, = (0.6)(3.169) = 1.901 kPa 
and 
P, = P — Р, = 100 — 1.901 = 98.1 kPa 


The humidity ratio of the outside air is 


P, 1.901 
ө = 0.6225" = (0.622) (Ser) = 0.01206 kg H;O/kg dry air 


Using c» from (12.30) we can write (12.31) as 
Ро 
(het = h n)a = 0.60225 P5 P h foz + cp( T» S T) 
- Р, 
Substituting in the known values, we must solve 


(2547.2 — h )(0.01206) = 0.622 


P. 
g2 
——=__hy + (1. T, — 25 
100 Pp fg2 ( 00)( p ) 


This is solved by trial and error: 
Т» = 20°С: 29.7 È 32.2 Т» = 15°С: 30.0 = 16.6 


Interpolation yields T; = 19.3°С. 


Rework Prob. 12.7 using the psychrometric chart. 


The wet-bulb or adiabatic saturation temperature is found by first locating the intersection of a vertical line 
for which T = 25°C and the curved line for which ¢ = 60% humidity. Follow the line for which Twp. = const. 
that slopes upward to the left and read T, - 19.4?C. 


Air at 90°F and 20% relative humidity is cooled to 75°F. Assuming standard atmospheric 
pressure, calculate the required rate of energy transfer, if the inlet flow rate is 1500 ft?/min, 
and find the final humidity, using (a) the psychrometric chart and (b) the equations. 
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(a) The partial pressure is Р = P — Р„ = P — ФР, = 14.7 — (0.2)(0.6988) = 14.56 psia; hence, 


Ра (14.56)(144) 3 
= = = 0.0715 Ibm/ft 
Pac. m Gae — 9 Ion 


and m, = (1500/60)(0.0715) = 1.788 Ibm/sec. The psychrometric chart at state 1 provides л = 28.5 
Btu/Ibm dry air. With о = const., state 2 is located by following an A—C curve in Fig. 12-4; we find 
hy = 24.5 Btu/lbm dry air. This gives 


Q, = m(h; — hj) = (1.788)(24.5 — 28.5) = — 72 Btu/sec 


The relative humidity is found on the chart at state 2 to be ф = 32.5%. 
(b) The equations provide more accurate results than can be obtained by using the psychrometric chart. The 
value for m, from part (a) has been calculated so we'll simply use that number. The rate of heat transfer is 


0) = Malha = ha) F m,(hy = hy) = MgC (Tr V T) F my (hyp V hy) 
We find m, as follows: 


ФР, 


а 


Thus Q = (1.788)(0.24)(75 — 90) + (0.01067)(1094.2 — 1100.7) = — 6.51 Btu/sec. 

To find the relative humidity using (/2.22) we must find P, and P,2. The final temperature is 75 °F; 
Table C-1E gives, by interpolation, Р, = 0.435 psia. Since the mass of vapor and the mass of dry air 
remain constant, the partial pressure of vapor and dry air remain constant. Hence, 


0.6988 
14.56 


ti, = өй, = 0.622 


tig = (0.622)(0.2)( EL = 0.01067 Ibm /ѕес 


Р» = Р = ФР = (0.2)(0.6988) = 0.1398 psia 


The final relative humidity is фә = Р.2/Р, = 0.1398/0.435 = 0.321 or 32.1%. The values found in part (b) 
are more accurate than those of part (a), especially for О, since it is difficult to read h, and Л» accurately. 


12.10 Air at 90°F and 90% relative humidity is cooled to 75°F. Calculate the required rate of energy 
transfer if this inlet flow rate is 1500 г. min. Also, find the final humidity. Compare with the results 
of Prob. 12.9. Use the psychrometric chart. 


The first step is to find the mass flux of dry air. It is found as follows: 
Pa = P — Py = P— ОР, = 14.7 — (0.9)(0.6988) = 14.07 psia 


Pa (14.07)(144) ; 
ЕГЕ Е = 0.0691 Ibm/ft d 
“Pal = ът (533550) 7 0091 Ibm/ oe 


15 
Ma = (15%) (0.0691) = 1.728 Ibm/sec 
State 1 is located on the psychrometric chart by Ті, = 90°F, ф = 90%. Hence, by extrapolation, ^, = 52 
Btu/Ibm dry air. To reduce the temperature to 75°F, it is necessary to remove moisture, following curve 
Е-С-Н in Fig. 12-4. State 2 ends on the saturation line, and hy = 38.6 Btu/lbm dry air. This gives 


Q = m(h, — h,) = (1.728) (38.6 — 52) = — 23.2 Btu/sec 
The relative humidity is Ф› = 100%. 


12.11 A rigid 2-m? tank contains air at 160°C and 400 kPa and a relative humidity of 20%. Heat is 
removed until the final temperature is 20°C. Determine (a) the temperature at which condensa- 
tion begins, (b) the mass of water condensed during the process, and (c) the heat transfer. 


(a) The pressure in this problem is not atmospheric, so the psychrometric chart is not applicable. The initial 
partial pressure of the vapor is Р, = ОР, = (0.2)(617.8) = 123.6 kPa. The specific volume of the water 
vapor is 

_ КҮТ,  (0.462)(433) 


- = = 1.62 m/k 
vi = P 123.6 тие 
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At this specific volume (the volume remains constant), the temperature at which condensation begins is 
Teond = 92.5°C. 
(b) The partial pressure of the dry air is P4; = P — Р, = 400 — 123.6 = 276.4 kPa. The mass of dry air is 


| PaVı (276.4)(2) 


= = = 4.45 К 
та“ RT, (0.287)(433) 8 
The initial humidity ratio is 
о) = 0.622 Pa (0.622) (24) = 0.278 kg H,O/kg dry air 
al А 


The final relative humidity is ф = 1.0, so that Р, = 2.338 kPa. The final partial pressure of the dry air 
results from P/T, = Р./Т,, so that Р, = (Р )(Т»/Т,) = (276.4) (293/433) = 187 kPa. The final 
humidity ratio becomes 

2.338 


= (0.622) (54%) = 0.00778 kg H5O/kg dry air 


P v2 
a2 


The moisture removed is тола = т,(о — а) = (4.45)(0.278 — 0.00778) = 1.20 kg. 
(c) The heat transfer results from the first law: 


о» = 0.622 


Q = Mg (Ua F иа) + Myy — myuy g Amy (һу) аур 


=m, ЕШ -Т)- оир - оны + (95 - 1) (A Fe) ave 


Treating the vapor as an ideal gas, that is, и, = u, at the given temperatures, we have 


О = (4.45)[(0.717)(20 — 160) + (0.00778)(2402.9) 
— (0.278)(2568.4) + (0.00778 — 0.278) (2365)] = — 6290 kJ 


12.12 Hot, dry air at 40°C, 1 atm, and 20% humidity passes through an evaporative cooler until the 
humidity is 40%; it is then cooled to 25°C. For an inlet airflow of 50 ту min, (а) how much water 
is added per hour and (5) what is the rate of cooling? 


(а) The psychrometric chart is used with Л = hy, providing us with 
€ = 0.0092 kg H5O/kg dry air а» = 0.0122 kg Н-О/Ко dry air 
We find the mass flux m, of dry air as follows: 
‚= Р— Р = P — ФОР, = 100 — (0.2)(7.383) = 98.52 kPa 
Py 98.52 


a 


Ра = RT 0287313) 


Р, 


а 


= 1.097 kg/m? 


and 
<. ia = (ра)(50) = (1.097) (50) = 54.8 kg/min 
The water addition rate is 
(My added = Ma(@2 — e) = (54.8)(0.0122 — 0.0092) = 0.1644 kg/min = 9.86 kg/h 


(b) No heat is transferred during the process from | to 2. From 2 to 3 the humidity ratio remains constant 
and the psychrometric chart yields 


hy = 64 kJ/kg dry air h, = 64 kJ/kg dry air 
The rate of heat transfer is О = ritg(h3 — h2) = (54.8)(56 — 64) = —440 kJ/min. 
12.13 Outside air at 10°C and 30% relative humidity is available to mix with inside air at 30°C and 


60% humidity. The inside flow rate is 50 m?/min. Use the equations to determine what the outside 
flow rate should be to provide a mixed stream at 22°C. 
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Mass balances and an energy balance provide 


Dry air: та + Ma = таз 
Vapor: qo, + MQW = M7303 


Energy: mh; + mh, = mash; 
Using the given quantities we find, assuming a pressure of 100 kPa: 


Pa = P — Py = P — ф Pa = 100 — (0.3)(1.228) = 99.6 kPa 

Р» = P — фР, = 100 — (0.6)(4.246) = 97.5 kPa 
Ра 996 

Pa = RT, (02871283) 

_ 0.622P,, — (0.622)(0.3)(1.228) 

= Pa 99.6 

a = (522) > м = 0.01625 kg H,O/kg dry air 

hı = C,T, + oh, = (1.00)(10) + (0.0023)(2519.7) = 15.8 kJ/kg dry air 

hy = C,T; + oh, = (1.00)(30) + (0.01625)(2556.2) = 71.5 kJ/kg dry air 


Р, 97.5 
= 1.226 kg/m? 2.2200 ды = 1.121 kg/m? 
g/m Pe = RT. (02870003) g/m 


ол = 0.00230 kg H5O/kg dry air 


Substituting the appropriate values in the energy equation and choosing the outside flow rate as V, gives 
(1.226V,)(15.8) + (1.121)(50)(71.5) = [1.226V, + (1.121)(50)] (22 + 2542) 


The vapor mass balance is (1.226V,)(0.0023) + (1.121)(50) (0.01625) = [1.226V, + (1.121)(50)] оз. Solving for 
соз in terms of V, from the above equation and substituting into the energy equation, we find V; = 31.1 m? /min. 


Supplementary Problems 


For the following mixtures calculate the mass fraction of each component and the gas constant of the 
mixture. (a) 2 kmol СО», 3 kmol №, 4 kmol О»; (b) 2 Ibmol №, 3 Ibmol CO, 4 Ibmol О»; (c) 3 kmol 
№, 2 kmol О», 5 kmol H;; (d) 3 kmol CHy; 2 kmol air, 1 kmol СО»; and (e) 21 Ibmol О», 78 Ibmol №, 
1 Ibmol Ar. 


For the following mixtures calculate the mole fraction of each component and the gas constant of the mixture. 
(a) 2 kg СО», 3 kg No, 4 kg О»; (b) 2 Ibm №, 3 Ibm CO, 4 Ibm О»; (с) 3 kg No, 2 kg O5, 5 kg Hy; (d) 3 kg CHa, 
2 kg air, 1 kg СО»; and (e) 21 Ibm О», 78 Ibm №, 1 Ibm Ar. 


A mixture of gases consists of 21% М», 32% О», 16% COs, and 31% H», by volume. Determine: (a) the 
mass fraction of each component, (b) the mixture's molecular weight, and (c) its gas constant. 


Gravimetric analysis of a mixture of gases indicates 21% О», 30% CO», and 49% N». Calculate (a) its 
volumetric analysis and (р) its gas constant. 


Volumetric analysis of a mixture of gases shows 60% №, 20% О», and 20% СО». (а) How many kilograms 
would be contained in 10 m? at 200 kPa and 40°C? (b) How many pounds would be contained in 300 ft? at 
39 psia and 100°F? 


A mixture of gases contains 2 kmol О», 3 kmol СО», and 4 kmol М». If 100 kg of the mixture is contained in 
а 10-m? tank at 50°C, estimate (a) the pressure in the tank and (b) the partial pressure of the №. 


Gravimetric analysis of a mixture of gases indicates 60% №», 20% О», and 20% CO». (a) What volume is 
needed to contain 100 kg of the mixture at 25 ^C and 200 kPa? (b) What volume is needed to contain 200 Ibm 
of the mixture at 80°F and 30 psia? 
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Volumetric analysis of a mixture of gases contained in а 10-m? tank at 400 kPa indicates 60% H», 25% №, 
and 15% СО». Determine the temperature of the mixture if its total mass is 20 kg. 


The partial pressures of a mixture of gases are 20 kPa (N>), 60 kPa (O5), and 80 kPa (CO,). If 20 kg of the 
mixture is contained in a tank at 60°C and 300 kPa, what is the volume of the tank? 


A mixture of oxygen and hydrogen has the same molecular weight as does air. (а) What is its volumetric 
analysis? (b) What is its gravimetric analysis? 


A rigid tank contains 10 kg of a mixture of 20% CO, and 80% М» by volume. The initial pressure and 
temperature are 200 kPa and 60°C. Calculate the heat transfer needed to increase the pressure to 600 kPa 
using (a) constant specific heats and (р) the ideal-gas tables. 


Twenty pounds of a mixture of gases is contained in а 30-ft^ rigid tank at 30 psia and 70°F. Volumetric 
analysis indicates 20% CO», 30% О», and 50% N». Calculate the final temperature if 400 Btu of heat is 
added. Assume constant specific heats. 


An insulated cylinder contains a mixture of gases initially at 100 kPa and 25°C with a volumetric analysis of 
40% № and 60% СО». Calculate the work needed to compress the mixture to 400 kPa assuming a reversible 
process. Use constant specific heats. 


A mixture of gases is contained in a cylinder at an initial state of 0.2 m?, 200 kPa, and 40°C. Gravimetric 
analysis is 20% CO, and 80% air. Calculate (a) the heat transfer needed to maintain the temperature at 
40°C while the pressure is reduced to 100 kPa and (b) the entropy change. Assume constant specific heats. 


A mixture of gases with a volumetric analysis of 30% H5, 50% №, and 20% О» undergoes a constant-pressure 
process in a cylinder at an initial state of 30 psia, 100 ^F, and 0.4 ft^. If the volume increases to 1.2 ft? determine 
(a) the heat transfer and (b) the entropy change. Assume constant specific heats. 


A tank containing 3 kg of CO, at 200 kPa and 140°C is connected to a second tank containing 2 kg of М» at 
400 kPa and 60°C. A valve is opened and the two tanks are allowed to equalize in pressure. If the final 
temperature is 50°C, find (a) the heat transfer, (b) the final pressure, and (c) the entropy change. 


A stream of nitrogen at 150 kPa and 50°C mixes with a stream of oxygen at 150 kPa and 20°C. The mass 
flux of nitrogen is 2 kg/min and that of oxygen is 4 kg/min. The mixing occurs in a steady-flow insulated 
chamber. Calculate the temperature of the exiting stream. 


A mixture of gases with a volumetric analysis of 20% СО», 30% №, and 50% О» is cooled from 1000°R ina 
steady-flow heat exchanger. Estimate the heat transfer using (a) constant specific heats and (b) the ideal-gas 
tables. 


A mixture of gases with a gravimetric analysis of 20% СО», 30% М», and 50% О» is cooled from 400°C to 
50°C by transferring IMW of heat from the steady-flow heat exchanger. Find the mass flux, assuming 
constant specific heats. 


A mixture of 40% О» and 60% CO, by volume enters a nozzle at 40 m/s, 200°C, and 200 kPa. It passes 
through an adiabatic nozzle and exits at 20°C. Find the exit velocity and pressure. Assume constant specific 
heats. 


If the inlet diameter of the nozzle of Prob. 12.33 is 20 cm, find the exit diameter. 


A mixture of 40% №, and 60% СО; by volume enters a nozzle at negligible velocity and 80 psia and 1000°F. 
If the mixture exits at 20 psia, what is the maximum possible exit velocity? Assume constant specific heats. 


A mixture of 40% М» and 60% СО» by volume enters a supersonic diffuser at 1000 m/s and 20°C and exits 
at 400 m/s. Find the exit temperature. Assume constant specific heats. 
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A mixture of 60% air and 40% СО» by volume at 600 kPa and 400°C expands through a turbine to 100 kPa. 
Estimate the maximum power output if the mass flux is 4 kg/min. Assume constant specific heats. 


If the turbine of Prob. 12.37 is 85 percent efficient, estimate the exit temperature. 


A compressor increases the pressure of a mixture of gases from 100 to 400 kPa. If the mixture enters at 
25°C, find the minimum power requirement if the mass flux is 0.2 kg/s. Assume constant specific heats for 
the following gravimetric analyses of the mixture: (a) 10% Н» and 90% О»; (b) 90% Н» and 10% О;; and 
(c) 20% N5, 30% СО», and 50% О». 


Atmospheric air at 30°C and 100 kPa has a relative humidity of 40%. Determine (a) the humidity ratio, (Р) the 
dew-point temperature, and (c) the specific volume of the dry air. 


Atmospheric air at 90°F and 14.2 psia has a humidity ratio of 0.02. Calculate (a) the relative humidity, (b) the 
dew-point temperature, (с) the specific volume of the dry air, and (d) the enthalpy (Л = 0 at 0°F) per unit mass 
of dry air. 


The air in a 12 x 15 x 3 m room is at 25°C and 100 kPa, with a 50% relative humidity. Estimate (a) the 
humidity ratio, (b) the mass of dry air, (c) the mass of water vapor in the room, and (d) the enthalpy in the 
room (h = 0 at 0°C). 


A tank contains 0.4 kg of dry air and 0.1 kg of saturated water vapor at 30°C. Calculate (a) the volume of 
the tank and (р) the pressure in the tank. 


The partial pressure of water vapor is 1 psia in atmospheric air at 14.5 psia and 110°F. Find (a) the relative 
humidity, (b) the humidity ratio, (c) the dew-point temperature, (d) the specific volume of the dry air, and (e) the 


enthalpy per unit mass of dry air. 


A person wearing glasses comes from outside, where the temperature is 10°C, into a room with 40% relative 
humidity. At what room temperature will the glasses start to fog up? 


The outer surface temperature of a glass of cola, in a room at 28 °С, is 5°C. At what relative humidity will 
water begin to collect on the outside of the glass? 


A cold-water pipe at 50°F runs through a basement where the temperature is 70°F. At what relative 
humidity will water begin to condense on the pipe? 


On a cold winter day the temperature on the inside of a thermopane window is 10°C. If the inside tem- 
perature is 27°C, what relative humidity is needed to just cause condensation on the window? 


Atmospheric air has a dry-bulb temperature of 30°C and a wet-bulb temperature of 20°C. Calculate (a) the 
humidity ratio, (b) the relative humidity, and (с) the enthalpy per kg of dry air (л = 0 at 0°C). 


Use the psychrometric chart (Appendix F) to provide the missing values in Table 12-1. 


Table 12-1 


Dry-Bulb 
Temperature 


Wet-Bulb 
Temperature 


Relative 
Humidity 


Humidity 
Ratio 


Dew-Point 
Temperature 


Specific 
Enthalpy 


20°C 
20°C 
70°F 


10°C 


60°F 
25°C 
70°C 


0.012 
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Atmospheric air at 10°C and 60% relative humidity is heated to 27°C. Use the psychrometric chart to 
estimate the final humidity and the rate of heat transfer needed if the mass flux of dry air is 50 kg/min. 


Heat is removed from a room without condensing out any of the water vapor. Use the psychrometric chart 
to calculate the final relative humidity if the air is initially at 35°C and 50% relative humidity and the 
temperature is reduced to 25°C. 


Outside air at 40°F and 40% relative humidity enters through the cracks in a house and is heated to 75°F. 
Estimate the final relative humidity of the air if no other sources of water vapor are available. 


Atmospheric air at 10°C and 40% relative humidity is heated to 25°C in the heating section of an air- 
conditioning device and then steam is introduced to increase the relative humidity to 50% while the tem- 
perature increases to 26 °C. Calculate the mass flux of water vapor added and the rate of heat transfer needed 
in the heating section if the volume flow rate of inlet air is 50 m?/min. 


Atmospheric air at 40°F and 50% relative humidity enters the heating section of an air-conditioning device 
at a volume flow rate of 100 ft?/min. Water vapor is added to the heated air to increase the relative humidity 
to 55%. Estimate the rate of heat transfer needed in the heating section and the mass flux of water vapor 
added if the temperature after the heating section is 72°F and the temperature at the exit is 74°F. 


Outside air in a dry climate enters an air conditioner at 40°C and 10% relative humidity and is cooled to 
22°C. (a) Calculate the heat removed. (b) Calculate the total energy required to condition outside (humid) 
air at 30°C and 90% relative humidity to 22°C and 10% relative humidity. (Hint: Sum the energy removed 
and the energy added.) 


One hundred m/min of outside air at 36°C and 80% relative humidity is conditioned for an office building 
by cooling and heating. Estimate both the rate of cooling and the rate of heating required if the final state of 
the air is 25°C and 40% relative humidity. 


Room air at 29°C and 70% relative humidity is cooled by passing it over coils through which chilled water 
at 5°C flows. The mass flux of the chilled water is 0.5 kg/s and it experiences a 10°C temperature rise. If the 
room air exits the conditioner at 18°C and 100% relative humidity, estimate (a) the mass flux of the room air 
and (b) the heat transfer rate. 


Atmospheric air at 100°F and 15% relative humidity enters an evaporative cooler at 900 ft/min and leaves 
with a relative humidity of 60%. Estimate (a) the exit temperature and (b) the mass flux at which water must 
be supplied to the cooler. 


Outside air at 40°C and 20% relative humidity is to be cooled by using an evaporative cooler. If the flow rate 
of the air is 40 m?/min, estimate (a) the minimum possible temperature of the exit stream and (b) the 
maximum mass flux needed for the water supply. 


Thirty m/min of outside air at 0°C and 40% relative humidity is first heated and then passed through an 
evaporative cooler so that the final state is 25°C and 50% relative humidity. Determine the temperature of 
the air when it enters the cooler, the heat transfer rate needed during the heating process, and the mass flux 
of water required by the cooler. 


Outside air at 10°C and 60% relative humidity mixes with 50 m°/min of inside air at 28°C and 40% relative 
humidity. If the outside flow rate is 30 m?/min, estimate the relative humidity, the temperature, and the mass 
flux of the exiting stream. 


Inside air at 80°F and 80% relative humidity is mixed with 900 f /min of outside air at 40°F and 20% 
relative humidity. If the relative humidity of the exiting stream is 60%, estimate (a) the flow rate of the inside 
air, (b) the temperature of the exiting stream, and (c) the heat transfer rate from the outside air to the inside 
air. 
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Cooling water leaves the condenser of a power plant at 38°C with a mass flux of 40 kg/s. It is cooled to 24°C 
in a cooling tower that receives atmospheric air at 25°C and 60% relative humidity. Saturated air exits the 
tower at 32°C. Estimate (a) the required volume flow rate of entering air and (b) the mass flux of the makeup 
water. 


A cooling tower cools 40 lbm/sec of water from 80°F to 60°F by moving 800 ft? /sec of atmospheric air with 
dry-bulb and wet-bulb temperatures of 75°F and 55°F, respectively, through the tower. Saturated air exits 
the tower. Find (a) the temperature of the exiting air stream and (b) the mass flux of the makeup water. 


A cooling tower cools water from 35 °С to 27 °С. The tower receives 200 m/s of atmospheric air at 30^C and 
40% relative humidity. The air exits the tower at 33°C and 95% relative humidity. Estimate (a) the mass flux 
of water that is cooled and (b) the mass flux of makeup water. 


Review Questions for the FE Examination 


The air in a conference room is to be conditioned from its present state of 18°C and 40% humidity. Select 
the appropriate conditioning strategy. 

(A) Heat and dehumidify. 

(B) Cool, dehumidify, and then heat. 

(C) Heat, dehumidify, and then heat. 

(D) Heat and humidify. 


For which of the following situations would you expect condensation not to occur? 

(A) On a glass of ice water sitting on the kitchen table. 

(B) On the grass on a cool evening in Tucson, Arizona. 

(C) On your glasses when you come into a warm room on a cold winter day. 

(D) On the inside of a window pane in an apartment that has a high infiltration rate on a cold winter day. 


Which temperature is most different from the outside temperature as measured with a conventional 
thermometer? 

(A) Wet-bulb temperature 

(B) Dry-bulb temperature 

(C) Dew-point temperature 

(D) Ambient temperature 


An evaporative cooler inlets air at 40°C and 20% humidity. If the exiting air is at 80% humidity, the exiting 
temperature is nearest: 

(A) 29°C 

(B) 27°C 

(C) 25°C 

(D) 23°C 


The dry-bulb temperature is 35°C and the wet-bulb temperature is 27°C. The relative humidity is nearest: 
(A) 65% 
(B) 60% 
(C) 55% 
(D) 50% 


Estimate the liters of water іп the air in a 3 m x 10 m x 20 m room if the temperature is 20°C and the 
humidity is 7095. 

(A) 7.3L 

(B) 6.2L 

(С) 5.1L 

(D) 4.0L 
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12.7FE Air at 5°C and 80% humidity is heated to 25°C in an enclosed room. The final humidity is nearest: 


(A) 36% 
(B) 32% 
(C) 26% 
(D) 22% 


12.8FE Air at 30°C and 80% humidity is to be conditioned to 20°C and 40% humidity. How much heating is 


required? 

(A) 30 kJ/kg 
(B) 25 kJ/kg 
(C) 20 kJ/kg 
(D) 15 kJ/kg 


12.9FE Air at 35°C and 70% humidity in a 3 m x 10m x 20 m classroom is cooled to 25°C and 40% humidity. 


Estimate the amount of water removed. 
(A) 4 kg 

(B) 6 kg 

(C) 11 kg 

(D) 16 kg 


12.10FE Outside air at 15°C and 40% humidity is mixed with inside air at 32°C and 70% humidity taken near the 


ceiling. Estimate the humidity of the mixed stream if the outside flow rate is 40 m/min and the inside flow 
rate is 20 m*/min. 

(A) 63% 

(B) 58% 

(C) 53% 

(D) 49% 


12.11FE The temperature of the mixed stream of air of Question 12.10FE is nearest: 


12.14 


12.15 


12.16 
12.17 
12.18 
12.19 
12.20 
12.21 
12.22 
12.23 
12.24 
12.25 
12.26 
12.27 


(A) 28°C 
(B) 25°C 
(C) 23°C 
(D) 20°C 


Answers to Supplementary Problems 
(а) 0.293, 0.28, 0.427, 0.249 kJ/kg-K (b) 0.209, 0.313, 0.478, 51.9 ft-Ibf/Ibm-^R (с) 0.532, 0.405, 0.063, 
0.526 kJ/kg-K (а) 0.32, 0.386, 0.293, 0.333 KJ/kg-K (е) 0.232, 0.754, 0.014, 53.4 ft-Ibf/Ibm-^R 


(a) 0.164, 0.386, 0.450, 0.256 kJ/kg-K (р) 0.235, 0.353, 0.412, 52.1 ft-Ibf/Ibm-^R (с) 0.0401, 0.0234, 0.9365, 
2.22 kJ/kg.K (4) 0.671, 0.247, 0.0813, 0.387 kKJ/kg-K (е) 0.189, 0.804, 0.0072, 53.6 ft-Ibf/Ibm-^R. 


(а) 0.247, 0.431, 0.296, 0.026 (b) 23.78 (с) 0.350 kJ/kg K 
(a) 0.212, 0.221, 0.567 (b) 0.257 kJ/kg-K 
(а) 24.59 kg (b) 47.93 Ibm 

(а) 785 kPa (b) 349 kPa 

(а) 39.9 m? (Б) 206 f? 

83.0°C 

4.92 m? 

(a) 89.9%, 10.1% (Б) 0.993, 0.00697 

(а) 4790 kJ (Б) 5490 kJ 

190°F 

82.3 kJ/kg 

(а) 27.7 kJ (b) 88.6 J/K 
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12.28 (а) 15.5 Віш (b) 0.0152 Btu/^R 

12.29 (а) 191 kJ (b) 225 kPa (с) —0.410 kJ/K 

12.30 30.8 °С 

12.31 (а) 111 Btu/lIbm (2) — 116 Btu/lbm 

12.32 3.03 kg/s 

12.33 567 m/s, 178 kPa 

12.34 4.4 ст 

12.35 373 ft/sec 

12.36 484°С 

12.37 15.2 kW 

12.38 189°С 

12.39 (а) 65.6 KW (5) 380 kW (с) 24.6 kW 

12.40 (а) 0.01074 kg H5O/kg dry air (b) 14.9°С (с) 0.885 m? /kg 

12.41 (а) 63.3% (b) 75.5°Е (с) 14.8 fÜ/Ibm (d) 43.6 Btu/Ibm dry air 

12.42 (а) 0.0102 kg H5O/kg dry air (b) 621kg (с) 6.22 ке (а) 31.4 MJ 

12.43 (а) 329 m? (b) 14.82 kPa 

12.44 (а) 78.4% (Ы) 0.0461 (c) 101.7°F (4) 15.4 fÜ/Ibm (е) 77.5 Btu/Ibm dry air 

12.45 24.2?C 

12.46 22.9% 

12.47 49% 

12.48 34.1% 

12.49 (а) 0.01074 (Б) 40.2% (с) 57.5 kJ/kg dry air 

12.50 (а) 17.9°С, 82%, 16.9°C, 50.5 kJ/kg (b) 25%, 0.0035, — 1°C, 29 kJ/kg (c) 61°F, 0.0095, 55.7°F, 27 Btu/ 
Ibm (4) 66°F, 0.0097, 56°F, 26.5 Btu/Ibm (е) 47.5°C, 17%, 0.0107, 76 kJ/kg (f) 73.5°F, 85%, 68.5^F, 34 
Btu/lbm 

12.51 20%, 14 kW 

12.52 88% 

12.53 12% 

12.54 0.458 kg/min, 19.33 kW 

12.55 609 Btu/min, 0.514 Ibm/min 

12.56 (а) 19 kJ/kg dry air (b) 98 kJ/kg dry air 

12.57 152 kW, 26.8 kW 

12.58 (а) 0.91 kg/s (Б) 20.9 kW 

12.59 (a) 762Е (b) 0.354 Ibm/min 

12.60 (а) 21.7°С (5) 0.329 kg/min 

12.61 45°C, 30 kW, 0.314 kg/min 

12.62 49%, 20.7°C, 94.2 kg/min 

12.63 (a) 180 ft/min (Б) 47.8°F (с) 290 Btu/min 

12.64 (а) 37 m/s (b) 0.8 kg/s 

12.65 (a) 73°Е (b) 0.78 Ibm/sec 

12.66 (а) 530 kg/s (Б) 5.9 kg/s 


Answers to Review Questions for the FE Examination 
12.1FE (D) 12.2ЕЕ (В) 12.3FE (C) 12.4FE (C) 12.5ЕЕ (В) 12.6ЕЕ (А) 127FE (р) 


12.9ЕЕ (С) 12.10ЕЕ (D) 12.ПЕЕ (D) 


Combustion 


131 COMBUSTION EQUATIONS 


Let us begin our review of this particular variety of chemical-reaction equations by considering the 
combustion of propane in a pure oxygen environment. The chemical reaction is represented by 


C,H, + 505 — ЗСО, + 4H,0 (13.1) 


Note that the number of moles of the elements on the left-hand side may not equal the number of moles 
on the right-hand side. However, the number of atoms of an element must remain the same before, after, 
and during a chemical reaction; this demands that the mass of each element be conserved during 
combustion. 

In writing the equation we have demonstrated some knowledge of the products of the reaction. 
Unless otherwise stated we will assume complete combustion: the products of the combustion of a 
hydrocarbon fuel will be H5O and СО». Incomplete combustion results in products that contain Н», 
CO, C, and/or OH. 

For a simple chemical reaction, such as (/3./), we can immediately write down a balanced chemical 
equation. For more complex reactions the following systematic method proves useful: 


Set the number of moles of fuel equal to 1. 
Balance CO, with number of C from the fuel. 
Balance H5O with Н from the fuel. 

Balance O, from CO, and H,O. 


Te NE 


For the combustion of propane we assumed that the process occurred in a pure oxygen environment. 
Actually, such a combustion process would normally occur in air. For our purposes we assume that air 
consists of 21% О» and 79% М» by volume so that for each mole of О» in a reaction we will have 


29 6 mol №, 


— = 3. 13.2 
21 mol O, 3e) 


Thus, on the (simplistic) assumption that М» will not undergo any chemical reaction, (/3./) is replaced by 
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The minimum amount of air that supplies sufficient O, for the complete combustion of the fuel is 
called theoretical air or stoichiometric air. When complete combustion is achieved with theoretical air, 
the products contain no О», as in the reaction of (/3.3). In practice, it is found that if complete 
combustion is to occur, air must be supplied in an amount greater than theoretical air. This is due to 
the chemical kinetics and molecular activity of the reactants and products. Thus we often speak in terms 
of percent theoretical air or percent excess air, where 


% theoretical air = 100% + % excess air (13.4) 


Slightly insufficient air results in CO being formed; some hydrocarbons may result from larger deficiencies. 

The parameter that relates the amount of air used in a combustion process is the air-fuel ratio (AF), 
which is the ratio of the mass of air to the mass of fuel. The reciprocal is the fuel-air ratio (FA). Thus 
Mair FA= M fuel (13.5) 


M fuel Mair 


AF= 


Again, considering propane combustion with theoretical air as in (73.3), the air-fuel ratio is 


Mair (5)(4.76)(29) — 15.69 kg air 


AF = = А 
M fuel ( 1 ) (44) kg fuel 


(13.6) 


where we have used the molecular weight of air as 29 kg/kmol and that of propane as 44 kg/kmol. If, for 
the combustion of propane, AF > 15.69, a lean mixture occurs; if AF < 15.69, a rich mixture results. 

The combustion of hydrocarbon fuels involves H5O in the products of combustion. The calculation 
of the dew point of the products is often of interest; it is the saturation temperature at the partial 
pressure of the water vapor. If the temperature drops below the dew point, the water vapor begins to 
condense. The condensate usually contains corrosive elements, and thus it is often important to ensure 
that the temperature of the products does not fall below the dew point. 


EXAMPLE 13.1 Butane is burned with dry air at an air-fuel ratio of 20. Calculate (a) the percent excess air, (Р) the 
volume percentage of СО» in the products, and (c) the dew-point temperature of the products. 
Solution: The reaction equation for theoretical air is 


СН, + 6.5(O5 + 3.76N5) — 4CO, + 5H50 + 24.44N, 
(a) The air-fuel ratio for theoretical air is 
Mair (6.5) (4.76) (29) 


AF, = - = їй eae 
Т (1)(58) 2 kg fuel 


This represents 100% theoretical air. The actual air-fuel ratio is 20. The excess air is then 


A — e) í _ 20- 1547 


1517 (100%) = 29.28% 


% excess air = ( 


(b) The reaction equation with 129.28% theoretical air is 
C4H0 + (6.5)(1.2928)(О» + 3.76N2) — 4СО» + 5H50 + 1.9030, + 31.6N5 


The volume percentage is obtained using the total moles in the products of combustion. For CO, we have 


4 
% CO, = (ғы) (100%) - 9.41% 


(с) To find the dew-point temperature of the products we need the partial pressure of the water vapor. It is 
found using the mole fraction to be 


3 
Р, = Ун,о Patm = КӨШ; = 11.76 КРа 


where we have assumed an atmospheric pressure of 100 kPa. Using Table C-2 we find the dew-point 
temperature to be Tap, = 49°C. 
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EXAMPLE 13.2 Butane is burned with 90% theoretical air. Calculate the volume percentage of CO in the 
products and the air-fuel ratio. Assume no hydrocarbons in the products. 

Solution: For incomplete combustion we add CO to the products of combustion. Using the reaction 
equation from Example 13.1, 


САН + (0.9)(6.5) (O5 + 3.76N5) — aCO, + 5H50 + 22N, + bCO 
With atomic balances on the carbon and oxygen we find: 


© 4=a+b 


5 е DoS N33 
О: 11.7=2a+5+b 


The volume percentage of CO is then 
1.3 
% СО = (=) (100%) = 4.19% 
The air-fuel ratio is 
Mair (0.9) (6.5) (4.76)(29) Ibm air 


AF = = = 1ў®® 
Mfuel (1)(58) lbm fuel 


EXAMPLE 13.3 Butane is burned with dry air, and volumetric analysis of the products on a dry basis (the 
water vapor is not measured) gives 11.0% СО», 1.0% CO, 3.5% О», апа 84.5% №. Determine the percent 
theoretical air. 

Solution: The problem is solved assuming that there is 100 moles of dry products. The chemical equation is 


aC4H 9 AP b(O, ar 3.76N>) aA CO, ЧЕ ІСО ЗЕ 3.505 4r 84.5Һ, ЧЕ cH,O 


We perform the following balances: 


С: 4a=114+1 codi ems 3 
Н: 10а= 2с СЕ, 
О: 2р=22+1+7+с пре 22,5 


A balance on the nitrogen allows a check: 3.76b = 84.5, or b = 22.47. This is quite close, so the above values аге 
acceptable. Dividing through the chemical equation by the value of a so that we have 1 mol fuel, 


САН + 7.5(05 + 3.76N3) — 3.67CO, + 0.33CO + 1.170, + 28.17N; + 5Н›О 


Comparing this with the combustion equation of Example 13.1 using theoretical air, we find 


LS 
% theoretical air = (2) (100%) - 107.7% 


EXAMPLE 13.4 Volumetric analysis of the products of combustion of an unknown hydrocarbon, measured on 
a dry basis, gives 10.4% СО», 1.2% CO, 2.8% О», and 85.6% №. Determine the composition of the hydrocarbon 
and the percent theoretical air. 

Solution: The chemical equation for 100 mol dry products is 


C,H, + c(O; + 3.76N5) > 10.4CO, + 1.2CO + 2.80, + 85.6N; + 4Н,О 
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Balancing each element, 


С: а-104--12 s eres Ie 

М: 3.76с = 85.6 56-220 

О: 2с--208--12--5.6--а od = 18.9 
Н: b=2d £e 379 


The chemical formula for the fuel is C1; 6Нзз о. This could represent a mixture of hydrocarbons, but it is not any 
species listed in Appendix B, since the ratio of hydrogen atoms to carbon atoms is 3.27 ~ 13/4. 
To find the percent theoretical air we must have the chemical equation using 100% theoretical air: 


Сі 5H379 + 21.08(О; + 3.76N5) — 11.6СО; + 18.95H50 + 79.26N5 
Using the number of moles of air from the actual chemical equation, we find 


% theoretical air = (224) (100%) - 108% 


13.3 ENTHALPY OF FORMATION, ENTHALPY 
OF COMBUSTION, AND THE FIRST LAW 


When a chemical reaction occurs, there may be considerable change in the chemical composition of 
a system. The problem this creates is that for a control volume the mixture that exits is different from the 
mixture that enters. Since various tables use different zeros for the enthalpy, it is necessary to establish a 
standard reference state, which we shall choose as 25°C (77°F) and 1 atm and which shall be denoted by 
the superscript “°”, for example, A^. 

Consider the combustion of Н» with О», resulting in H5O: 


H;-10,— H;O(l) (13.7) 


If H, and О, enter a combustion chamber at 25°C (77°F) and 1 atm and Н,О(/) leaves the chamber at 
25°С (77°F) and 1 atm, the measured heat transfer will be — 285 830 kJ for each kmol of H,O(/) formed. 
[The symbol (l) after a chemical compound implies the liquid phase and (g) implies the gaseous phase. If 
no symbol is given, a gas is implied.] The negative sign on the heat transfer means energy has left the 
control volume, as shown schematically in Fig. 13-1. 

The first law applied to a combustion process in a control volume is 


Q = Hp — Hg (13.8) 
where Hp is the enthalpy of the products of combustion that leave the combustion chamber and Нр is the 


enthalpy of the reactants that enter. If the reactants are stable elements, as in our example in Fig. 13-1, 
and the process is at constant temperature and constant pressure, then the enthalpy change is called the 


285 830 kJ 
1 mol Н, 
Reactants 1 mol HO (1) is 
25°C, 1 atm 25*C. Latm roducts 
C 
i mol O, 


Fig. 13-1 The control volume used during combustion. 
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enthalpy of formation, denoted by h4. The enthalpies of formation of numerous compounds are listed in 
Table B-6. Note that some compounds have a positive ЛУ, indicating that they require energy to form (an 
endothermic reaction); others have a negative Лу, indicating that they give off energy when they are 
formed (an exothermic reaction). 

The enthalpy of formation is the enthalpy change when a compound is formed. The enthalpy change 
when a compound undergoes complete combustion at constant temperature and pressure is called the 
enthalpy of combustion. For example, the enthalpy of formation of Н» is zero, yet when 1 mol Н» under- 
goes complete combustion to Н;О(), it gives off 285 830 kJ heat; the enthalpy of combustion of Н, is 
285 830 kJ/kmol. Values are listed for several compounds in Table B-7. If the products contain liquid 
water, the enthalpy of combustion is the higher heating value (HHV); if the products contain water vapor, 
the enthalpy of combustion is the /ower heating value. The difference between the higher heating value and 
the lower heating value is the heat of vaporization h fe at standard conditions. 

For any reaction the first law, represented by (/3.8), can be applied to a control volume. If the 
reactants and products consist of several components, the first law is, neglecting kinetic and potential 
energy changes, 


Q — Ws = M № +h—h’); – SON (AG +h – й), (13.9) 


where N; represents the number of moles of substance i. The work is often zero, but not in, for example, 
a combustion turbine. 
If combustion occurs in a rigid chamber, for example, a bomb calorimeter, the first law 1s 


Q =U, — Us = у Мй +h- й — Pv); - M Nh, +h — h — Ро), (13.10) 


prod react 


where we have used enthalpy since the л values are tabulated. Since the volume of any liquid or solid is 
negligible compared to the volume of the gases, we write (13.10) as 


Q= SON (hy +h- h – RT) — S\N (hy +h – й — RT), (13.11) 


prod react 


If Моа = Nreacts the О for the rigid volume is equal to О for the control volume for the isothermal 
process. _ 
In the above relations we employ one of the following methods to find (h — h°): 


For a solid or liquid 
Use C,AT. 
For gases 


Method 1: Assume an ideal gas with constant specific heat so that h — h° = С, АТ. 
Method 2: Assume an ideal gas and use tabulated values for Л. 

Method 3: Assume nonideal-gas behavior and use the generalized charts. 

Method 4: Use tables for vapors, such as the superheated steam tables. 


Which method to use (especially for gases) is left to the judgment of the engineer. In our examples we’ll 
usually use method 2 for gases since temperature changes for combustion processes are often quite large 
and method 1 introduces substantial error. 


EXAMPLE 13.5 Calculate the enthalpy of combustion of gaseous propane and of liquid propane assuming the 
reactants and products to be at 25°C and 1 atm. Assume liquid water in the products exiting the steady-flow 
combustion chamber. 
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Solution: Assuming theoretical air (the use of excess air would not influence the result since the process is 
isothermal), the chemical equation is 


СН; + 5(О» + 3.76N5) — ЗСО, + 4H, O(/) + 18.81, 
where, for the HHV, a liquid is assumed for H,O. The first law becomes, for the isothermal process Л = A^, 


Q = Hp — Hr = M №0), - у №); 


prod react 


= (3)(— 393 520) + (4)(— 285 830) — (— 103 850) = — 2220000 kJ/kmol fuel 


This is the enthalpy of combustion; it is stated with the negative sign. The sign is dropped for the HHV; for 
gaseous propane it is 2220 MJ for each kmol of fuel. 
For liquid propane we find 


О = (3)(—393 520) + (4) (—285 830) — (—103850 — 15060) = —2205000 kJ/kmol fuel 


This is slightly less than the HHV for gaseous propane, because some energy is needed to vaporize the liquid 
fuel. 


EXAMPLE 13.6 Calculate the heat transfer required if propane and air enter a steady-flow combustion 
chamber at 25°C and 1 atm and the products leave at 600 K and 1 atm. Use theoretical air. 

Solution: The combustion equation is written using H5O in the vapor form due to the high exit 
temperature: 


C3Hg + 5(О» + 3.76 №) — ЗСО, + 4H50(g) + 18.8N5 
The first law takes the form [see (/3.9)] 


О- Y Nh, +h – h^), БЕ У NI, +h – °); 
prod react 


= (3)(— 393 520 + 22280 — 9360) + (4)(— 241 810 + 20400 — 9900) 
+ (18.8)(17 560 — 8670) — (— 103 850) = — 1796000 kJ/kmol fuel 


where we have used method 2 listed for gases. This heat transfer is less than the enthalpy of combustion of 
propane, as it should be, since some energy is needed to heat the products to 600 K. 


EXAMPLE 13.7 Liquid octane at 25°C fuels a jet engine. Air at 600 K enters the insulated combustion 
chamber and the products leave at 1000 K. The pressure is assumed constant at 1 atm. Estimate the exit velocity 
using theoretical air. 
Solution: The equation is CgHjg(/) + 12.5(0, + 3.76N5) — 8CO, + 9H50 + 47N>. The first law, with 

О = W, = 0 and including the kinetic energy change (neglect inlet), is 

p DE 

O= Нь -— HR+ —Mp ог U^-— —(Hg — Hp) 
2 Mp 


where Мр is the mass of the products per kmol fuel. For the products, 
Hp = (8)(—393 520 + 42770 — 9360) + (9)(— 241 810 + 35 880 — 9900) 
+ (47)(30130 — 8670) = —3814 700 kJ/kmol fuel 
For the reactants, Нр = (— 249910) + (12.5)(17 930 — 8680) + (47)(17 560 — 8670) = 283 540 kJ/ kmol. 
The mass of the products is Mp = (8)(44) + (9)(18) + (47)(28) = 1830 kg/kmol-fuel and so 
2) 
2 


= ass [(0.28354 + 3.8147) 10”] 7. = 2120 m/s 
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EXAMPLE 13.8 Liquid octane is burned with 300% excess air. The octane and air enter the steady-flow 
combustion chamber at 25°C and 1 atm and the products exit at 1000 К and 1 atm. Estimate the heat 
transfer. 

Solution: The reaction with theoretical air is С.Н + 12.5(О» + 3.76N5) — 8CO, + 9H50 + 47N>. For 
300% excess air (400% theoretical air) the reaction is 


СН, (0 + 50(О» + 3.76N5) — 8СО» + 9H50 + 37.50, + 1883, 
The first law applied to the combustion chamber is 


О = Hp — Hg = (8)(— 393 520 + 42770 — 9360) + (9)(— 241 810 + 35880 — 9900) 
+ (37.5)(31 390 — 8680) + (188)(30 130 — 8670) — (— 249910) 
= 312 500 kJ/kmol fuel 


In this situation heat must be added to obtain the desired exit temperature. 


EXAMPLE 13.9 А constant-volume bomb calorimeter is surrounded by water at 77°F. Liquid propane is 
burned with pure oxygen in the calorimeter, and the heat transfer is determined to be — 874,000 Btu/Ibmol. 
Calculate the enthalpy of formation and compare with that given in Table B-6. 

Solution: The complete combustion of propane follows СӘН; + 50; > ЗСО, + 4H,O(g). The surround- 
ing water sustains a constant-temperature process, so that (13.11) becomes 


Q = MY NR), – У N35); + (Na — Np)R,T = — 874,000 
prod react 


— 874,000 = (3)( — 169,300) + (4)(— 104,040) — (/%)с.н, + (6 — 7)(1.986)(537) 
2. (5) сн, = — 51,130 Btu/lbmol 


This compares with h% from the Table B-6 of (— 44,680 — 6480) = — 51,160 Btu/Ibmol. 


13.3 ADIABATIC FLAME TEMPERATURE 


If we consider a combustion process that takes place adiabatically, with no work or changes in 
kinetic and potential energy, then the temperature of the products is referred to as the adiabatic flame 
temperature. We find that the maximum adiabatic flame temperature that can be achieved occurs at 
theoretical air. This fact allows us to control the adiabatic flame temperature by the amount of excess air 
involved in the process: The greater the amount of excess air the lower the adiabatic flame temperature. 
If the blades in a turbine can withstand a certain maximum temperature, we can determine the excess air 
needed so that the maximum allowable blade temperature is not exceeded. We will find that an iterative 
(trial-and-error) procedure is needed to find the adiabatic flame temperature. A quick approximation to 
the adiabatic flame temperature is found by assuming the products to be completely N5. An example will 
illustrate. 

The adiabatic flame temperature is calculated assuming complete combustion, no heat transfer from 
the combustion chamber, and no dissociation of the products into other chemical species. Each of these 
effects tends to reduce the adiabatic flame temperature. Consequently, the adiabatic flame temperature 
that we will calculate represents the maximum possible flame temperature for the specified percentage of 
theoretical air. 

If a significant amount of heat transfer does occur, we can account for it by including the following 
term in the energy equation: 


Q = UA(Tp — Т) (13.12) 
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where U = overall heat-transfer coefficient (specified), 
Tg = temperature of environment, 
Tp = temperature of products, 
A = surface area of combustion chamber. 
[Note that the units on U are kW/m?-K or Btu/sec-ft--°R.] 


EXAMPLE 13.10 Propane is burned with 250% theoretical air; both are at 25°C and 1 atm. Predict the 
adiabatic flame temperature in the steady-flow combustion chamber. 

Solution: The combustion with theoretical air is C;Hg + 5(О» + 3.76N5) — ЗСО, + 4H,O + 18.8. For 
250% theoretical air we have 


C3H; + 12.5(О» + 3.76N5) — ЗСО, + 4H50 + 7.50; + 47N; 


Since О = 0 for an adiabatic process we demand that Нь = Hp. The enthalpy of the reactants, at 25°C, is 
Hg — —103850 kJ/kmol fuel. 

The temperature of the products is the unknown; and we cannot obtain the enthalpies of the components of 
the products from the tables without knowing the temperatures. This requires a trial-and-error solution. To 
obtain an initial guess, we assume the products to be composed entirely of nitrogen: 


Hg = Hp = —103850 = (3)(—393 520) + (4)(—241 820) + (61.5)(Ap — 8670) 


where we have noted that the products contain 61.5 mol of gas. This gives hp = 43 400 kJ /kmol, which suggests 
a temperature of about 1380 К (take Тр a little less than that predicted by the all-nitrogen assumption). Using 
this temperature we check using the actual products: 


—103850 = (3)(— 393 520 + 64120 — 9360) + (4)( — 241820 + 52430 — 9900) 
+ (7.5)(44920 — 8680) + (47)(42920 — 8670) = 68 110 


The temperature is obviously too high. We select a lower value, Tp — 1300 K. There results: 


—103850 = (3)(—393 520 + 59 520 — 9360) + (4)(— 241820 + 48810 — 9900) 
+ (7.5)(44030 — 8680) + (47)(40170 — 8670) = —96100 


We use the above two results for 1380 K and 1300 K and, assuming a linear relationship, predict that Tp is 


103 850 — 96100 


“лал л үстүн 95100) 


(1380 — 1300) = 1296K 


EXAMPLE 13.11 Propane is burned with theoretical air; both are at 25°C and 1 atm in a steady-flow 
combustion chamber. Predict the adiabatic flame temperature. 

Solution: The combustion with theoretical air is C3Hg + 5(O2 + 3.76N5) — ЗСО, + 4H50 + 18.8N». For 
the adiabatic process the first law takes the form Нр = Hp. Hence, assuming the products to be composed 
entirely of nitrogen, 


— 103 850 = (3)(— 393 520) + (4)(— 241820) + (25.8) (hp — 8670) 


where the products contain 25.8 mol gas. This gives hp = 87900 kJ/kmol, which suggests a temperature of 
about 2600 K. With this temperature we find, using the actual products: 


— 103850 = (3)(— 393 520 + 137 400 — 9360) + (4)(— 241820 + 114300 — 9900) 
+ (18.8)(86 600 — 8670) = 119000 
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At 2400 K there results: 


— 103850 = (3)(— 393 520 + 125200 — 9360) + (4)(—241 820 + 103 500 — 9900) 
+ (18.8)(79 320 — 8670) = —97700 


A straight line extrapolation gives Tp = 2394 K. 


EXAMPLE 13.12 The overall heat-transfer coefficient of a steady-flow combustion chamber with a 2-m? surface 
area is determined to be 0.5 kW/m?-K. Propane is burned with theoretical air, both at 25°C and 1 atm. Predict the 
temperature of the products of combustion if the propane mass flow rate is 0.2 kg/s. 
Solution: The molar influx is те = 0.2/44 = 0.004545 kmol/s, where the molecular weight of propane, 
44 kg/kmol, is used. Referring to the chemical reaction given in Example 13.11, the mole fluxes of the products 
are given by: 
Mco, = (3)(0.004545) = 0.01364 kmol/s Мн.о = (4)(0.004545) = 0.02273 kmol/s 


My, = (18.8)(0.004545) = 0.1068 kmol/s 
We can write the energy equation (the first law) as 

Ò + Hg = Hp 
Using (13.12), the energy equation becomes 


— (0.5)(2)(Tp - 298) + (0.004545) (— 103 850) = (0.01364) (— 393 520 + ico, — 9360) 
+ (0.02273) (— 241 820 + ij, — 9900) + (0.1068) (Ay, — 8670) 


For a first guess at Tp let us assume a somewhat lower temperature than that of Example 13.11, since energy is 
leaving the combustion chamber. The guesses follow: 


Tp = 1600 К: -1774 = —4446 — 4295 + 4475 = — 4266 

Tp = 2000 К: -2174 = —4120 — 3844 + 5996 = — 1968 

Tp = 1900 К: -2074 = —4202 — 3960 + 5612 = – 2550 
Interpolation between the last two entries gives Tp = 1970 K. Checking, 

Tp = 1970 К: -2144 = —4145 — 3879 + 5881 = —2143 


Hence, Tp = 1970 K. If we desire the temperature of the products to be less than this, we can increase the overall 
heat-transfer coefficient or add excess air. 


Solved Problems 


13.1 Ethane (C; Hj) is burned with dry air which contains 5 mol О» for each mole of fuel. Calculate 
(a) the percent of excess air, (b) the air-fuel ratio, and (c) the dew-point temperature. 


The stoichiometric equation is C2H6 + 3.5(O + 3.76N5) — 2CO, + 3H50 + 6.58N>. The required 
combustion equation is 


СН, + 5(О» + 3.76N5) — 2CO; + ЗН,О + 1.50, + 18.8, 


(a) There is excess air since the actual reaction uses 5 mol O, rather than 3.5 mol. The percent of excess air is 


5 – 3.5 
3.5 


% excess air = ( ) (100%) = 42.9% 
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(b) The air-fuel ratio is a mass ratio. Mass is found by multiplying the number of moles by the molecular 
weight: 
(5)(4.76)(29) 
(1) (30) 


(c) The dew-point temperature is found using the partial pressure of the water vapor in the combustion 
products. Assuming atmospheric pressure of 100 kPa, we find 


AF = = 23.0 kg air/kg fuel 


3 
Р, = Ун,о Рат == (s) 100 = 1.86 КРа 


Using Table C-2, we interpolate and find Tj, = 49 °С. 


132 A fuel mixture of 60% methane, 30% ethane, and 10% propane by volume is burned with 
stoichiometric air. Calculate the volume flow rate of air required if the fuel mass is 12 Ibm/hr 
assuming the air to be at 70^F and 14.7 psia. 


The reaction equation, assuming 1 mol fuel, is 


We find a, b, c, and d by balancing the various elements as follows: 


C: 06+ 0.6+ 0.3 = Б лр = 1.5 
Н: 24-184 0.8 = 2c ыс дэ 
О: 2a=2b+c ҚАТА 275 
М: (2)(3.76a) = 2d 2. d= 10.34 
The air-fuel ratio is 
ax (2.75)(4.76) (29) _ 379.6 — 16.5 Ibm air 
^ (0.6)(16) + (0.3)(30) + (0.1)(44) 23 " Ibm fuel 


and mair = (АЕ)т = (16.5)(12) = 198 Ibm/h. To find the volume flow rate we need the air density. It is 
P (147)(144) 


ыт = — = IL. = 0.0749 lbm/ft 
Pai = RE = (53,3)(530) — 90749 Ibm/ 
whence 
m 198/60 ee 
Аў а = 44.1 ft 
Pu. 0.0749 шп 


(The volume flow rate is usually given in ft/min (cfm).) 


13.3 Butane (СН) is burned with 20°C air at 70% relative humidity. The air-fuel ratio is 20. 
Calculate the dew-point temperature of the products. Compare with Example 13.1. 


The reaction equation using dry air (the water vapor in the air does not react, but simply tags along; it 
will be included later) is 


САН + a(O5 + 3.76N5) > 4СО» + 5H50 + БО; + см; 
The air-fuel ratio of 20 allows us to calculate the constant a, using Mte = 58 kg/kmol, as follows: 
Mary air _ (a) (4.76) (29) 
Mel (1)(58) 
We also find that b = 1.903 and c = 31.6. The partial pressure of the moisture in the 20°C air is 
P, = oP, = (0.7)(2.338) = 1.637 kPa 


АЕ = = 20 га = 8.403 
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The ratio of the partial pressure to the total pressure (100 kPa) equals the mole ratio, so that 


N, = no = (8.403 x 4.76 + N,) (18%) or N, = 0.666 kmol/kmol fuel 


We simply add N, to each side of the reaction equation: 
СН, + 8.403(О; + 3.76N3) + 0.666H5O — 4CO, + 5.666H50 + 1.9030, + 31.6N> 


The partial pressure of water vapor in the products is P, = Рун,о = (100)(5.666/43.17) = 13.1 kPa. From 
Table C-2 we find the dew-point temperature to be Ty), = 51°C, which compares with 49°C using dry air as 
in Example 13.1. Obviously the moisture in the combustion air does not significantly influence the products. 
Consequently, we usually neglect the moisture. 


Methane is burned with dry air, and volumetric analysis of the products on a dry basis gives 10% 
СО», 1% CO, 1.8% О», and 87.2% М». Calculate (a) the air-fuel ratio, (b) the percent excess air, 
and (c) the percentage of water vapor that condenses if the products are cooled to 30°C. 


Assume 100 mol dry products. The reaction equation is 
aCH, + b(O» + 3.76N5) — 10CO; + CO + 1.80, + 87.2N; + сно 


A balance on the atomic masses provides the following: 


С: а= 10 +1 а= 11 
Н: 4а= 2с S22 
О: 2Ь5-20--1--36--с S р = 23.3 


Dividing the reaction equation by a so that we have 1 mol fuel: 
CH, + 2.12(О» + 3.76N5) — 0.909CO, + 0.091CO + 0.1640) + 7.93N + 2H;0 


(a) The air-fuel ratio is calculated from the reaction equation to be 


Mair (2.12)(4.76) (29) А 
АЕ = = = 18.29 kg air/kg fuel 
mis (116 Pu 
(b) The stoichiometric reaction is СН, + 2(О» + 3.76N5) — СО, + 2H50 + 7.52N). This gives the excess 
air as 


% excess air = (=) (100%) = 6% 


(c) There are 2 mol water vapor in the combustion products before condensation. If N,, represents moles of 
water vapor that condense when the products reach 30°C, then 2 — М, is the number of water vapor 
moles and 11.09 — N, is the total number of moles in the combustion products at 30°C. We find N,, as 
follows: 


Ny _ Py 2-М„ | 4.246 


NP 11.09 №, 100 mE mol HO 


The percentage of water vapor that condenses out is 


1.597 
% condensate = (>) (100) = 79.8% 


An unknown hydrocarbon fuel combusts with dry air; the resulting products have the following 
dry volumetric analysis: 12% СО», 15% CO, 3% О», and 83.5% М». Calculate the percent 
excess air. 


The reaction equation for 100 mol dry products is 


C.H, + c(O; + 3.76N5) — 12СО» + 1.5CO + 30; + 83.5N; + dH,O 
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A balance on each element provides the following: 


С. a=1241.5 ла = 13.5 

М: 3.76с = 83.5 262222 

О: 2с= 24+1.5 +6+4 ла = 12.9 
Н: b=2d г.р = 25.8 


The fuel mixture is represented by Сз 5Н,; з. For theoretical air with this fuel, we have 
С1з.5НН558 + 19.95(О» + 3.76N5) — 13.5СО» + 12.9H50 + 75.0 
Comparing this with the actual equation above, we find 


22.2 — 19.95 


% excess air = ( 19.95 


) (100%) = 11.3% 


13.6 Carbon reacts with oxygen to form carbon dioxide in a steady-flow chamber. Calculate the 
energy involved and state the type of reaction. Assume the reactants and products are at 25°C 
and 1 atm. 


The reaction equation is С + O, — СО». The first law and Table B-6 give 
Q = Hp — Нк = Y NS = У? NI 


prod react 


= (1)(—393 520) — 0 — 0 = — 393520 kJ/kmol 


The reaction is exothermic (negative Q). 


13.7 Methane enters a steady-flow combustion chamber at 77°F and 1 atm with 80% excess air which 
is at 800^R and 1 atm. Calculate the heat transfer if the products leave at 1600^R and 1 atm. 


The reaction equation with 180% theoretical air and with the water in vapor form is 
CH, + 3.6(0› + 3.76N5) — СО» + 2H50(g) + 1.605 + 13.54%, 
The first law, with zero work, provides the heat transfer: 


Q — M №(йў + й – й), – У Nh - й), 


prod react 

= (1)(— 169,300 + 15,829 — 4030) + (2)(- 104,040 + 13,494 — 4258) + (1.6)(11,832 — 3725) 
+ (13.54)(11,410 — 3730) — (— 32,210) — (3.6)(5602 — 3725) — (13.54)(5564 — 3730) 

= — 229,500 Btu/Ibmol fuel 


13.8 Ethane at 25°C is burned in a steady-flow combustion chamber with 20% excess air at 127°C, 
but only 95% of the carbon is converted to СО». If the products leave at 1200 К, calculate the 
heat transfer. The pressure remains constant at 1 atm. 


The stoichiometric reaction equation is 
C2H6 + 3.5(0, + 3.76N5) — 2CO, + 3H50 + 11.283, 
With 120% theoretical air and the product CO, the reaction equation becomes 
C2H6 + 4.2(О» + 3.76N5) — 1.9CO, + 0.1CO + 3H50 + 0.750, + 11.28N; 
The first law with zero work is Q — Hp — Hg. The enthalpy of the products is [see (73.9)] 


Hp = (1.9)(—393 520 + 53850 — 9360) + (0.1)(— 110530 + 37 100 — 8670) 
+ (3)(—241820 + 44380 — 9900) + (0.75)(38450 — 8680) + (11.28)(36 780 — 8670) 
— —1049000 kJ/kmol fuel 
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The enthalpy of the reactants is 
Hg = — 84680 + (4.2)(11710 — 8680) + (15.79)(11 640 — 8670) = — 25 060 kJ/kmol fuel 
Then Q = — 1049000 — (—25060) = — 1024000 kJ/kmol fuel. 


A rigid volume contains 0.2 lbm of propane gas and 0.8 lbm of oxygen at 77°F and 30 psia. The 
propane burns completely, and the final temperature, after a period of time, is observed to be 
1600°R. Calculate (a) the final pressure and (b) the heat transfer. 


The moles of propane and oxygen аге Npropane = 0.2/44 = 0.004545 Ibmol and Noxygen = 0.8/32 = 0.025 
Ibmol. For each mole of propane there is 0.025/0.004545 = 5.5 mol О». The reaction equation for complete 
combustion is then 


(a) We use the ideal-gas law to predict the final pressure. Since the volume remains constant, we have 


ya МАТ _ NaRuTs (6.5)(537) _ (7.5)(1600) КЕНТ 
Р, Р, 30 Р, 


(b) By (13.11), with №, = 1.986 Btu/Ibmol-^R, we have for each mole of propane: 


O= MN, +h- h – RT — MIN +h h — RT), 
prod react 
= (3)[— 169,300 + 15,830 — 4030 — (1.986) (1600)] 
+ (4)[— 104,040 + 13,490 — 4260 — (1.986)(1600)] 
+ (0.5)[11,830 — 3720 — (1.986)(1600)] 
— (1)[—44,680 — (1.986)(537)|- (5.5)[(— 1.986)(537)] 
— —819,900 Btu/Ibmol fuel 


Thus Q — (—819,900)(0.004545) — 3730 Btu. 


Propane is burned in a steady-flow combustion chamber with 80% theoretical air, both at 25°C and 
] atm. Estimate the adiabatic flame temperature and compare with that of Examples 13.10 and 13.11. 


Using the stoichiometric reaction equation of Example 13.11 and assuming production of CO, the 
combustion with 80% theoretical air follows 


A mass balance of the elements is required to obtain this equation. For an adiabatic process, the first law 
takes the form Нр = Hp, where Нр for propane is — 103 850 kJ/kmol. Assuming the temperature close to 
but less than that of Example 13.11, we try Tp — 2200 K: 


— 103850 = (— 393 520 + 112940 — 9360) + (4)(— 241820 + 92940 — 9900) 
+ (2)(— 110530 + 72690 — 8670) + (15.04)(72040 — 8670) = — 65000 


At 2100 K: 


— 103850 = (—393 520 + 106 860 — 9360) + (4)(—241 820 + 87 740 — 9900) 
+ (2)(— 110 530 + 69040 — 8670) + (15.04)(68 420 — 8670) = — 153200 


A straight-line interpolation provides the adiabatic flame temperature Tp = 2156 K. Note that this tempera- 
ture is less than that of the stoichiometric reaction of Example 13.11, as was the temperature for Example 13.10 
where excess air was used. The stoichiometric reaction provides the maximum adiabatic flame temperature. 


An insulated, rigid 0.7-m? tank contains 0.05 kg of ethane and 100% theoretical air at 25°C. The 
fuel is ignited and complete combustion occurs. Estimate (a) the final temperature and (b) the 
final pressure. 
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With 100% theoretical air, C2H6 + 3.5(O2 + 3.76N5) — 2CO; + 3H50 + 13.16N). 
(a) The first law, with О = W = 0, is written for this constant-volume process using (3.11): 


YN, +h — h^ — RT); = MN +h — h — RT), 
react prod 


The reactants are at 25°C (the initial pressure is unimportant if not extremely large) and the products 
are at Tp; therefore, 


L.H.S. = (1)[— 84680 — (8.314)(298)] + (3.5)[(—8.314)(298)] + (13.16)((— 8.314)(298)] 
R.H.S. = (2)[—393 520 + hco, — 9360 — 8.3147] 
+ (3)[(— 241820 + hyo — 9900 — 8.3147) + (13.16) (x, — 8670 — 8.31477] 


or 


1579000 = 2hco, + 3hy,0 + 13.16йу, — 1517 
We solve for Tp by trial and error: 


Tp = 2600 К: 1579000 = (2)(137400) + (3)(114 300) + (13.16)(86 850) — (151)(2600) = 1365000 
Tp = 2800 К: 1579000 = (2)(149 810) + (3)(125 200) + (13.16)(94010) — (151)(2800) = 1490000 
Tp = 3000 К: 1579000 = (2)(162 230) + (3)(136 260) + (13.16)(101 410) — (151)(3000) = 1615000 


Interpolation provides a temperature between 2800 K and 3000 K: Tp = 2942K. 


(b) We have Nye = 0.05/30 = 0.001667 kmol; therefore, „еа = (18.16)(0.001667) = 0.03027 kmol. The 
pressure in the products is then 


NprodRuToroa (0.03027)(8.314) (2942) 


Porod = v = 0:7 — 1058 kPa 


Supplementary Problems 


The following fuels combine with stoichiometric air: (а) C2H4, (b) C3H6, (c) CaHyo, (d) С$Н |», (е) СН, 
and (f) СН;ОН. Provide the correct values for x, y, z in the reaction equation 


C,H, + ш(О» + 3.76N;) = xCO, + УНО + zN5 
Methane (CH4) is burned with stoichiometric air and the products are cooled to 20°C assuming complete 
combustion at 100 kPa. Calculate (a) the air-fuel ratio, (b) the percentage of CO; by weight of the products, 
(c) the dew-point temperature of the products, and (d) the percentage of water vapor condensed. 
Repeat Prob. 13.13 for ethane (C2H6). 
Repeat Prob. 13.13 for propane (C3Hg). 
Repeat Prob. 13.13 for butane (C4H 0). 


Repeat Prob. 13.13 for octane (САН). 


Ethane (C,H,) undergoes complete combustion at 95 kPa with 180% theoretical air. Find (a) the air-fuel 
ratio, (b) the percentage of CO, by volume in the products, and (c) the dew-point temperature. 


Repeat Prob. 13.18 for propane (С; Нз). 


Repeat Prob. 13.18 for butane (СН). 
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Repeat Prob. 13.18 for octane (C5Hg). 


Calculate the mass flux of fuel required if the inlet air flow rate is 20 m?/min at 20°C and 100 kPa using 
stoichiometric air with (a) methane (CH4), (b) ethane (C2H6), (c) propane (C3Hsg), (d) butane (C4H,9), and 
(е) octane (C;H;g). 


Propane (С; Нз) undergoes complete combustion at 90 kPa and 20°C with 130% theoretical air. Calculate the 
air-fuel ratio and the dew-point temperature if the relative humidity of the combustion air is (a) 90%, (b) 80%, 
(c) 60%, and (d) 40%. 


An air-fuel ratio of 25 is used in an engine that burns octane (Сз Нз). Find the percentage of excess air 
required and the percentage of СО» by volume in the products. 


Butane (СН уо) is burned with 50% excess air. If 5% of the carbon in the fuel is converted to CO, calculate 
the air-fuel ratio and the dew-point of the products. Combustion takes place at 100 kPa. 


A fuel which is 60% ethane and 40% octane by volume undergoes complete combustion with 200% 
theoretical air. Find (a) the air-fuel ratio, (b) the percent by volume of М» in the products, and (с) the 
dew-point temperature of the products if the pressure is 98 kPa. 


One Ibm of butane, 2 Ibm of methane, and 2 Ibm of octane undergo complete combustion with 20 Ibm of air. 
Calculate (a) the air-fuel ratio, (b) the percent excess air, and (c) the dew-point temperature of the products if 
the combustion process occurs at 14.7 psia. 


Each minute 1 kg of methane, 2 kg of butane, and 2 kg of octane undergo complete combustion with 
stoichiometric 20°C air. Calculate the flow rate of air required if the process takes place at 100 kPa. 


A volumetric analysis of the products of butane (СН) on a dry basis yields 7.6% СО», 8.2% О», 82.8% No, 
and 1.4% CO. What percent excess air was used? 


A volumetric analysis of the products of combustion of octane (С: Нз) on a dry basis yields 9.1% СО», 
7.0% О», 83.0% М», and 0.9% CO. Calculate the air-fuel ratio. 


Three moles of a mixture of hydrocarbon fuels, denoted by C,H,, is burned and a volumetric analysis on a 
dry basis of the products yields 10% СО», 8% О», 1.2% CO, and 80.8% №. Estimate the values for x and y 
and the percent theoretical air utilized. 


Producer gas, created from coal, has a volumetric analysis of 3% CH4, 14% H3, 50.9% №, 0.6% O5, 27% CO, 
and 4.5% CO,. Complete combustion occurs with 150% theoretical air at 100 kPa. What percentage of the water 
vapor will condense out if the temperature of the products is 20°C? 


Using the enthalpy of formation data from Table B-6 calculate the enthalpy of combustion for a steady-flow 
process, assuming liquid water in the products. Inlet and outlet temperatures are 25°C and the pressure is 
100 kPa. (Compare with the value listed in Table B-7.) The fuel is (a) methane, (b) acetylene, (c) propane gas, 
and (d) liquid pentane. 


Propane gas (C, Hg) undergoes complete combustion with stoichiometric air; both are at 77°F and 1 atm. Calculate 
the heat transfer if the products from a steady-flow combustor are at (а) 77°F, (b) 1540°F, and (c) 2540 °F. 


Liquid propane (C;Hg) undergoes complete combustion with air; both are at 25 ^C and 1 atm. Calculate the heat 
transfer if the products from a steady-flow combustor are at 1000 K and the percent theoretical air is (a) 10095, 
(b) 150%, and (c) 200%. 


Ethane gas (С.Н) at 25°C is burned with 150% theoretical air at 500 К and 1 atm. Find the heat transfer 
from a steady-flow combustor if the products are at 1000 K and (a) complete combustion occurs; (b) 95% of 
the carbon is converted to CO, and 5% to CO. 
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Complete combustion occurs between butane gas (САН |0) and air; both are at 25°C and 1 atm. If the steady-flow 
combustion chamber is insulated, what percent theoretical air is needed to maintain the products at (a) 1000 K 
and (b) 1500 K? 


Complete combustion occurs between ethylene gas (C; H4) and air; both are at 77°F and 1 atm. If 150,000 Btu 
of heat is removed per Ibmol of fuel from the steady-flow combustor, estimate the percent theoretical air 
required to maintain the products at 1500°R. 


Butane gas (C4Hj9) at 25°C is burned in a steady-flow combustion chamber with 150% theoretical air at 500 К 
and 1 atm. If 90% of the carbon is converted to CO, and 10% to CO, estimate the heat transfer if the products 
are at 1200 K. 


Butane gas (C4H,o) undergoes complete combustion with 40% excess air; both are at 25°C and 100 kPa. 
Calculate the heat transfer from the steady-flow combustor if the products are at 1000 K and the humidity of 
the combustion air is (a) 90%, (b) 70%, and (c) 50%. 


A rigid tank contains a mixture of 0.2 kg of ethane gas (СН) and 1.2 kg of O, at 25°C and 100 kPa. The 
mixture is ignited and complete combustion occurs. If the final temperature is 1000 K, find the heat transfer 
and the final pressure. 


A mixture of 1 Ibmol methane gas (СН) and stoichiometric air at 77°F and 20 psia is contained in a rigid 
tank. If complete combustion occurs, calculate the heat transfer and the final pressure if the final tempera- 
ture is 1540°Е. 


A mixture of octane gas (С: Нз) and 20% excess air at 25°C and 200 kPa is contained in a 50-liter cylinder. 
Ignition occurs and the pressure remains constant until the temperature reaches 800 K. Assuming complete 
combustion, estimate the heat transfer during the expansion process. 


A mixture of butane gas (С.Н 0) and stoichiometric air is contained in a rigid tank at 25°C and 100 kPa. If 
95% of the carbon is burned to CO; and the remainder to CO, calculate the heat transfer from the tank and 
the volume percent of the water that condenses out if the final temperature is 25°C. 


Butane gas (САН) mixes with air, both at 25°C and 1 atm, and undergoes complete combustion in a 
steady-flow insulated combustion chamber. Calculate the adiabatic flame temperature for (a) 100% theore- 
tical air, (b) 150% theoretical air, and (c) 100% excess air. 


Ethane (C;H4) at 25°C undergoes complete combustion with air at 400 К and 1 atm in a steady-flow 
insulated combustor. Determine the exit temperature for 50% excess air. 


Hydrogen gas and air, both of 400 K and 1 atm, undergo complete combustion in a steady-flow insulated 
combustor. Estimate the exit temperature for 200% theoretical air. 


Liquid methyl alcohol (CH3OH) at 25°C reacts with 150% theoretical air. Find the exit temperature, assuming 
complete combustion, from a steady-flow insulated combustor if the air enters at (a) 25°C, (b) 400 К, and 
(c) 600 K. Assume atmospheric pressure. 


Ethene (C2H4) at 77°F undergoes complete combustion with stoichiometric air at 77°F and 70% humidity in 
an insulated steady-flow combustion chamber. Estimate the exit temperature assuming a pressure of 14.5 psia. 


Ethane (СН) at 25°C combusts with 90% theoretical air at 400 К and 1 atm in an insulated steady-flow 
combustor. Determine the exit temperature. 


A mixture of liquid propane (C;Hg) and stoichiometric air at 25°C and 100 kPa undergoes complete 
combustion in a rigid container. Determine the maximum temperature and pressure (the explosion pressure) 
immediately after combustion. 
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13.12 
13.13 
13.14 
13.15 
13.16 
13.17 
13.18 
13.19 
13.20 
13.21 
13.22 
13.23 
13.24 
13.25 
13.26 
13.27 
13.28 
13.29 
13.30 
13.31 
13.32 
13.33 
13.34 
13.35 
13.36 
13.37 
13.38 
13.39 
13.40 
13.41 
13.42 
13.43 
13.44 
13.45 
13.46 
13.47 
13.48 
13.49 
13.50 
13.51 


COMBUSTION [CHAP. 13 


Answers to Supplementary Problems 


(а) 2,2, 11.28 (b) 3,3, 16.92 (c) 4, 5, 24.44 (а) 5, 6, 30.08 (е)8,9,47 (f) 1,2, 5.64 
(а) 17.23 (Б) 15.14% (с) 59°С (4) 89.8% 

(а) 16.09 (b) 17.24% (с) 55.9°С (4) 87.9% 

(а) 15.67 (D) 18.07% (с) 531%С (4) 87.0% 

(а) 15.45 (D) 18.52% (с) 53.9°С (а) 86.4% 

(а) 16.80 (Ы) 15.92% (с) 57.9°С (а) 89.2% 

(а) 28.96 (b) 6.35% (с) 43.8 °С 

(а) 28.21 (b) 6.69% (с) 42.5°С 

(а) 27.82 (D) 687% (с) 41.8°С 

(а) 30.23 (b) 10.48% (с) 45.7°C 

(а) 1.38 kg/min (b) 1.478 kg/min (с) 1.518 kg/min (а) 1.539 kg/min (е) 1.415 kg/min 
(а) 20.67, 50.5°С (Б) 20.64, 50.2°С (с) 20.57, 49.5°С (а) 20.50, 48.9°C 
165.4%, 7.78% 

23.18, 46.2 °С 

(а) 30.86 (b) 76.0% (с) 40.3°C 

(а) 19.04 (b) 118.7% (c) 127°Е 

65.92 m)/min 

159% 

21.46 

3.73, 3.85, 152.6% 

76.8% 

(а) - 890300 kJ/kmol (b) — 1 299 600 kJ/kmol (с) —2220000 kJ/kmol (d) —3 505 000 kJ/kmol 
(a) —955,100 Btu/Ibmol (b) — 572,500 Btu/lbmol (с) — 13,090 Btu/Ibmol 
(a) —1436000 kJ/kmol (b) —1178000 kJ/kmol (c) —919400 kJ/kmol 
(а) —968400 kJ/kmol (Б) —929 100 kJ/kmol 

(a) 411% (р) 220% 

820% 

- 1298 700 kJ/kmol 

(a) - 1854800 kJ/kmol (Б) —1790000 kJ/kmol (с) — 1726100 kJ/kmol 
— 12780 kJ, 437 kPa 

— 220,600 Btu, 74.5 psia 

—219 kJ 

— 2600 400 kJ/kmol fuel, 81.3% 

(а) 2520 К  (b)1830K  (c)1510K 

1895 К 

1732 К 

(а) 2110 К (2) 2180К (с) 2320 К 

4740 °К 

2410 К 

3080 К, 1075 КРа 


Sample Exams for a 
Semester Course for 
Engineering Students 


We are including a set of sample exams that we used in one of our courses at Michigan State University. 
They are four-part, multiple-choice exams that contain questions similar to those found on the Funda- 
mentals of Engineering exam and the Graduate Record Exam/Engineering. Thermodynamics provides 
an excellent course to expose engineering students to the nuances of a multiple-choice exam, a rarity in 
engineering courses. 

Research has shown that grades are independent of the type of exam given but some experience is 
desirable so that students have a chance to try out different strategies in taking such an exam. It is very 
different from the four-problem, partial credit exam so popular in engineering courses. Students typically 
do not like multiple-choice exams in engineering courses since a simple mistake makes the question 
completely wrong, but that is the type of exam they will have to take to gain admission to the profession 
of engineering or a graduate school, law school, or medical school. Such exams are long and difficult and 
care must be taken to not let the time slip away attempting to answer a question. 

In the following exams, a passing grade was given if a student exceeded the score of a random 
guesser, so that 6 correct answers out of 20 questions would be just a “pass,” the lowest “D.” Usually, a 
16 would be the top grade in the class, so that would be equivalent to a “100,” the top “A.” To obtain 16 
correct answers to these multiple-choice exams is indeed a feat. Try it, if you think that is not true, even if 
you are a professor! 

These exams cover Chapters 1, 2, 3, 5, and 6 and only portions of Chapters 4, 8, 9, 10, and 12. A 
second course could cover the material that was not covered in the first course. Professors are encour- 
aged to make more use of multiple-choice exams even in other engineering courses so that students will 
be experienced in taking such exams. Even the more advanced design-oriented exams are all multiple 
choice in the process of becoming a Professional Engineer. Such exams are more difficult to create but 
the grading of the exams is extremely efficient, allowing professors to always return the exam the 
following class period. 

If you have comments or questions about these exams, please contact me at MerleCP@sbcglobal. 
net. 

The answers and sketchy solutions to the exams are included after each exam. 
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10. 


SAMPLE EXAMS 


Exam No. 1 (This exam covers Chapter 1 through Section 4.7) 
Name 


Thermodynamics is a science that does not include the study of energy 
(A) storage (B) utilization (C) transfer (D) transformation 


The units of joules can be converted to which of the following? 
(A) Pa-m? (B) N-kg (C) Pa/n (D) Pam? 


In thermodynamics we focus our attention on which form of energy? 
(A) kinetic (B) potential (C) internal (D) total 


The standard atmospheric pressure in meters of ammonia (p — 600 kg/m?) is: 
(A) 17 m (B) 19 т (С) 23 т (D) 31 m 


A gage pressure of 400 kPa acting on a 4-cm-diameter piston is resisted by an 800-N/m spring. 
How much is the spring compressed? Neglect the weight of the spring. 
(A) 0.628 m (B) 0.951 т (С) 1.32 т (D) 1.98 т 


Select the correct T-v diagram if steam at 0.005 m? /kg is heated to 0.5 m? /kg while maintaining 
P = 500 kPa. 


(A) (B) (C) (D) 


Estimate the enthalpy h of steam at 288°C and 2 MPa. 
(A) 2931 kJ/kg (B) 2957 kJ/kg (C) 2972 kJ/kg (D) 2994 kJ/kg 


Estimate v of steam at 200^C and u — 2000 kJ/kg. 
(А) 0.0762 m? /kg (B) 0.0801 m?/kg (С) 0.0843 m? /kg (D) 0.0921 m?/kg 


Saturated water vapor is heated in a rigid volume from 200^C to 600^C. The final pressure is 
nearest: 


(А) 3.30 MPa (В) 3.25 MPa (С)3.20МРа (р) 3.15 MPa 


А 0.2-m tire is filled with 25°C air until P — 280 kPa. The mass of air is nearest: 
(A) 7.8 kg (B) 0.888 kg (C) 0.732 kg (D) 0.655 kg 


SAMPLE EXAMS 


11. 


(A) 10.2kg — (B)898kg (С) 6.23 kg 


Calculate the mass of nitrogen at 150 К and 2 MPa contained in 0.2 m°. 
(D) 2.13 kg 


12. Find the work produced if air expands from 0.2 m? to 0.8 m? if P—0.24- 0.4V kPa. 


(А) 0.48 КХ  (B)O42kJ (С) 0.36 kJ 


(D) 0.24 kJ 
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13. Ten kilograms of saturated liquid water expands until T; = 200°C while P — const. = 500 kPa. Find 


Wi. 5. 
(A) 1920 kJ (B) 2120 kJ (C) 2340 kJ (D) 2650 kJ 
14. If P, = 400 kPa and T; = 400^C, what is T; when the piston hits 
the stops? 
(A) 314°C (B) 315°C (C) 316°C (D) 317°C 


15. Calculate the heat released for the steam of Question 14. 
(A) 190 kJ (B) 185 kJ (C) 180 kJ (D) 175 kJ 


16. After the piston hits the stops in Question 14, how much addi- 
tional heat is released until P; = 100 kPa? 
(A) 1580 kJ (B) 1260 kJ 
(C) 930 kJ (D) 730 kJ 


17. Find the temperature rise in the volume shown after 5 


minutes. 
(A) 423°C (B) 378°C 
(C) 313°C (D) 287°C 


18. One kilogram of air is compressed at T= const. 
=100°C until the volume is halved. The rejected 
heat is: 

(A) 42 kJ (B) 53 kJ 
(C) 67 kJ (D) 74 kJ 


10М-т 


100 rad/s 


Area = 0.2 m? 


Piston 


1 kg of 
steam 


[so c 
[| 


Insulated 


2 kg air 


Insulated 


19. Energy is added to 5 kg of air with a paddle wheel so that AT=100°C while P=const. in an 


insulated container. The paddle-wheel work is: 


(A)500kJ (В) 423 КХ (С) 402 kJ (р) 383 KJ 


20. Five kilograms of copper at 200°C is submerged in 20 kg of water at 10°C in an insulated 


container. After a long time the temperature is nearest: 
(A) 14°C (B) 16°C (C) 18°C (D) 20°C 


328 SAMPLE EXAMS 
Equations of use in the closed-book exam (use this page for your work) 
W=mg PV =mRT 
F=Kx Те °C + 273 


Pabs = gage + Pam 


F Pv 
P= — Z= — 
A RT 
V 
v=— h=u+ Pv, Ah=C,AT 
m 
v— v, d x(v, — vy) Q — W = AU, Au=C,AT 
W= [Рау W=To 


ү, ; : 
=mRT In y if T= const. W=VI 
1 


SAMPLE EXAMS 


Solution to Exam No. 1 


19. 


20. 


(A) 


(A) 


J=N-m=(N/m’)m? = Рат? 


P=pgh. 100 000 = 600 x 9.8h. 2л = 17.0 m 
РА = Кх. 400 0007 х 0.02? = 800x. “x= 0.628 m 
U, > Vp > Uy. U) > Vg. 2. State 1 is in the quality region, state 2 is superheat. 
38 
h= 50 (3023 — 2902) = 2994 kJ/kg 
2000 = 851 + x(2595 — 851). sax = 0.659. v = 0.0012 + 0.659(0.1274 — 0.0012) = 0.0843 m? /kg 
5 0.1324- 0.1274 
vı = v, =0.1274= vp. Т = 600 С. Р = 9.1324 009885 D) *3 73.15 MPa 
m= PV/RT —380 x 0.2/(0.287 х 298) =0.888 kg 


Py = 2/3.39 = 0.59. Tr = 150/126.2 = 1.19. 2.2 = 0.875. 

m= PV/ZRT = 2000 x 0.2/(0.875 x 0.297 x 150) = 10.2 kg 

W= f PaV— f25(0.24-0.4V) ау —0.2(0.8 — 0.2) + 0.2(0.8? — 0.22) 20.24 KJ 

W 2 m PAv — 10 х 500(0.443 — 0.0012) = 2120 kJ 

v —0.7726. vy =v, — 0.5(0.2) = 0.6726. P, = 400 kPa. Ty = 315°C 
О =mAh = 1(3098 — 3273) = 175 kJ 


Q =mAu = 1(2829 — 1246) = 1580 kJ 
since v; =v) = 0.6726 = 0.001 + x3(1.694 — 0.001). 34 = 0.397 and из = 1246 


W — (10 x 1004-50 x 100)5 x 60— О= mC,AT =2 x TITAT. КЕСІК е 
Q—mRT In 2 =1 x 0.287 х 373 In l= -74 К] 
v 


1 


—W=mAh=5 x C,AT=5 x 1.0 х 100—500 kJ 


ma Cu АТ = m, Cy AT. 5 x 0.39(200 — Т) = 20 x 4.18(T; — 10). ©ТУ = 14°C 
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SAMPLE EXAMS 


Exam No. 2 (This exam covers Section 4.8 through Chapter 6) 


Name 


Which of the following is not a control volume? 
(A) insulated tank (B) car radiator (C) compressor (D) turbine 


Flow in a pipe is assumed to be uniform. The x-coordinate is along the pipe and r is the radial 
coordinate. Which of the following is not true? 
(A) v=v(r) (B) v=v(x) (C) v=v(t) (D) v=const. 


Liquid water flows in the pipe at 12 m/s. The pipe’s diameter is reduced by a factor of 2. What is the 
velocity in the reduced section? 


(A) 36 m/s (B) 48 m/s (C) 24 m/s (D) 3 m/s 


A nozzle accelerates steam at 4 MPa and 500°C to 1 MPa and 300°C. If V; = 20 m/s, the exiting 
velocity is nearest: 
(A) 575 m/s (B) 750 m/s (C) 825 m/s (D) 890 m/s 


Calculate the mass flow rate at the nozzle exit of Question 4 if dj = 10 cm. 
(A) 2.9 kg/s (B) 2.3 kg/s (C) 1.8 kg/s (D) 1.1 kg/s 


100 kg/min of air enters a tube at 25°C and leaves at 20°C. The heat loss is nearest: 
(A) 750 kJ/min (B) 670 kJ/min (С) 500 kJ/min (D) 480 kJ/min 


Calculate the power needed to raise the pressure of water 4 MPa assuming the temperature remains 
constant. The mass flux is 5 kg/s and Q=0. 
(A) 20 kW (B) 32 kW (C) 48 kW (D) 62 kW 


Which of the following is usually assumed to be reversible? 
(A) paddle wheel (В) compressing a gas (С) melting an ice cube (D) a burst membrane 


A Carnot engine operates between reservoirs at 20°C and 200°C. If 10 kW of power is produced, 
the rejected heat rate is nearest: 


(A)263 kJ/s (В) 20.2 kJ/s (С) 16.3 kJ/s | (D) 12 KJ/s 


An inventor invents a thermal engine that operates between ocean layers at 27°C and 10°C. It 
produces 10 kW and discharges 9900 kJ/min of heat. Such an engine is: 


(A) impossible (B) reversible (C) possible (D) probable 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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Select the Kelvin-Planck statement of the second law. 


(A) An engine cannot produce more heat than the heat it receives. 

(B) A refrigerator cannot transfer heat from a low-temperature reservoir to a high-temperature 
reservoir without work. 

(C) An engine cannot produce work without discharging heat. 

(D) An engine discharges heat if the work is less than the heat it receives. 


Select the incorrect statement relating to a Carnot cycle. 
(A) There are two adiabatic processes. 
(B) There are two constant pressure processes. 
(C) Each process is a reversible process. 
(D) Work occurs on all four processes. 


A Carnot refrigerator requires 10 kW to remove 20 kJ/s from а 20°C reservoir. What is Ty? 
(A) 440 K (B) 400 K (C) 360 K (D) 340 K 


Find AS,4 if a 10-kg copper mass at 100°C is submerged in a 20°C lake. 
(А) 1.05kJ/K (В) 0.73 J/K (С) 0.53 kJ/K (р) 0.122 kJ /K 


Find the maximum work output from a steam turbine if P, = 10 MPa, T, = 600°C, and P, = 40 kPa. 
(А) 1625 kJ/kg (B) 1545 kJ/kg (C) 1410 kJ/kg (D) 0.1225 kJ/kg 


Find the minimum work input to an air compressor if P, = 100 kPa, Т, = 27°C, and P; = 800 kPa. 
(A) 276 kJ/kg (B) 243 kJ/kg (C) 208 kJ/kg (D) 187 kJ/kg 


The entropy change while expanding air in a cylinder from 800 kPa is 0.2 kJ/kg-K. If the tem- 
perature remains constant at 27°C, what is the heat transfer? 


(А) 140 kJ/kg (В) 115 kJ/kg (С) 100 kJ/kg (Б) 60 kJ/kg 


Find the maximum outlet velocity for an air nozzle that operates between 400 kPa and 100 kPa if 
Ti = 24 °С 
(А) 570 m/s (В) 440 m/s (С) 380 m/s (D) 320 m/s 


The efficiency of an adiabatic steam turbine operating between Ру = 10 MPa, Т = 600 °С, апа 
Р» = 40 kPa is 80%. What is и-? 
(A) 2560 kJ/kg (B) 2484 kJ/kg (C) 2392 kJ/kg (D) 2304 kJ/kg 


The efficiency of an adiabatic air compressor operating between P, = 100 kPa, T, =27°C, and 
Т» = 327°C is 80%. What is Р›? 
(A) 540 kPa (B) 680 kPa (C) 720 kPa (D) 780 kPa 
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Equations of use in the closed-book exam (use this page for your work) 


pAV=m=const. 


Q—-W-AU 
К A yp 
9 onis ы j (gas or vapor) 
(^ — Р, Vy Ж. 4 (liquid) 
Tu, p^ 
p 2 
Т, =. ТЕ 
EAE ге 
50 


Т. Р. 

As = C, In 2 — Ва 2 
Т, Р, 
Т. 

= С 22 

T 
к-1 

T, (РА 

T, АР 


V. 
=mRT ln —— if T = const. 
Vi 


(gas) 


(solid or liquid) 


kair = 1.4 


Rir = 0.287 kJ/kg.K U—Uy-FXUg, 


SAMPLE EXAMS 


Solution to Exam No. 2 


15. 


16. 


17. 


18. 


19. 


20. 


(D) 


Vy = V/A; = 12 x 22 248 m/s 

0—h, —h, + (15 — 18) /2 = 3051 — 3445 + (V3 — 20°) /2 х 1000. 7,3 = 888 m/s 
т = Aj Vi [vy =т x 0.05? x 0/0.08643 = 1.817 kg/s 

О = m Ah — m C, AT —100 x 1.0(20 — 25) = — 500 kJ/min 

— Ws = mAh = m (Au + vAP) = 5(0 + 0.001 x 4000) 220 kW 


All others operate in one direction, i.e., heat cannot flow into a heater. 


W Т, 92-40-22 . "NDS T 
1] Qu 1 Т, 1 473 Qi * Qin =26.3= Qout + У = Оош + 10. . Qout = 16.3 kJ/s 
T, 283 10 i | 
мах = 1— qu =1— 300 = 0.0567. Tlengine = T0 +9900/60 =0.0571 > Tmax: . Impossible 
2 1 T, 293 
cop = 29 : “Ty = 439.5 К 


10: ~ TaT; Е. 220937 


293 0.39 x 10 x (100 — 20) 


A Sret = А5 + AShake = 0.39 x 10 In 275 + 593 =0.122 KJ/K 


hy — hy = 3870 — 2462 = 1408 kJ/kg where we used s; — s, = 7.1696 = 1.026 — 6.6449х.. 
<. x2 = 0.9246, and hy = 2462 


Т, —300(800/100)757 —0.543. wmin = C,AT = 1.00(543 — 300) = 243 kJ/kg 


q=TAs= 300 x 0.2260 kJ/kg 


/2 
T,—300(100/400)?97 2201.9 K. 0= — + 1.0(201.9 — 300). — ../5— 443 m/s 
| Ayah, _ 3870 — h; s B 
= hy —hy 0.8= 3870 — 2462 ^h? = 2744 and из = 2560 where we used 
$y—5,— 7.1696 = 1.026xy. xy = 0.9246 and hy = 2462. 
= hy == hz 0.8= 1.0(Т» = 300) Т = 540 К. Р, = 100(540/300)*> — 78? kPa 


"= hih" > 1.0(600—300)` 
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SAMPLE EXAMS 


Exam No. 3 (This exam covers Chapters 8, 9, and 12) 
Name 


Power cycles are idealized. Which of the following is not an idealization? 
(A) Friction is absent. 
(B) Heat transfer does not occur across a finite temperature difference. 
(C) Pipes connecting components are insulated. 
(D) Pressure drops in pipes are neglected. 


In the analysis of the Otto power cycle, which do we not assume? 
(A) The combustion process is a constant-pressure process. 
(B) All processes are quasiequilibrium processes. 
(C) The exhaust process is replaced by a heat rejection process. 
(D) The specific heats are assumed constant. 


The temperatures in a Carnot cycle using air are 300 K and 900 K. A pressure of 100 kPa exists at 
state 1, 4677 kPa at state 2, and 2430 kPa at state 3. Find the pressure at state 4 assuming constant 
specific heats. 

(A) 82 kPa (B) 75 kPa (C) 52 kPa (D) 47 kPa 


Find the net work for the Carnot cycle of Question 3. 
(A) 113 kJ/kg (B) 168 kJ/kg (C) 198 kJ/kg (D) 236 kJ/kg 


Find the heat addition for the Carnot cycle of Question 3. 
(A) 169 kJ/kg (B) 198 kJ/kg (C) 232 kJ/kg (D) 277 kJ/kg 


The four temperatures in an Otto cycle using air are Т = 300 К, T; = 754 K, T; = 1600 K, T4 = 637 К. 
If Р; = 100 kPa, find P,. Assume constant specific heats. 
(A) 2970 kPa (B) 2710 kPa (C) 2520 kPa (D) 2360 kPa 


Find the heat added for the Otto cycle of Question 6. 
(A) 930 kJ/kg (B) 850 kJ/kg (C) 760 kJ/kg (D) 610 kJ/kg 


Find the compression ratio for the Otto cycle of Question 6. 
(A) 11 (B) 10 (C) 9 (D) 8 


The four temperatures of a Brayton cycle аге T, = 300 К, 7; = 500 К, 7, = 1000 К, Т; = 600 К. 
Find the heat added. Assume constant specific heats. 


(A) 200 kJ/kg (В) 300 kJ/kg (С) 400 kJ/kg (р) 500 kJ/kg 


Find the pressure ratio of the Brayton cycle of Question 9. 
(А)2 (B4 (O6 (D)8 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 
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Find the back-work ratio шс/шт of the Brayton cycle of Question 9. 
(A) 0.8 (B) 0.7 (C) 0.6 (D) 0.5 


An ideal regenerator is added to the Brayton cycle of Question 9. Find rg /rg where rg is the cycle 
efficiency with the regenerator and тв is the cycle efficiency without the regenerator. 


(А) 1.2 (В)125 (O13 (р) 1.35 


The high and low pressure in an ideal Rankine cycle are 10 MPa and 20 kPa. If the high tempera- 
ture of the steam is 600°C, the heat input is nearest: 


(A) 3375 kJ/kg (В) 3065 kJ/kg (С) 2875 kJ/kg (р) 2650 kJ/kg 


Find the turbine output for the Rankine cycle of Question 13. 
(A) 1350 kJ/kg (B) 1400 kJ/kg (C) 1450 kJ/kg (D) 1500 kJ/kg 


The steam in the Rankine cycle of Question 13 is reheated at 4 MPa to 600°C. The total heat input 
is nearest: 


(A) 3850 kW/kg (В) 3745 kW/kg (С) 3695 kW/kg (Б) 3625 kW/kg 


If т = 2400 kg/min, what is the pump power requirement for the Rankine cycle of Question 13? 
(A) 1580 kW (B) 1260 kW (C) 930 kW (D) 730 kW 


Given: T = 25 °С, ф= 100%. Find о. Assume Р = 100 kPa. (Use equations.) 
(A) 0.0208 (B) 0.0206 (C) 0.0204 (D) 0.0202 


Given: T = 25 °С, w= 0.015. Find ¢. Assume P444 = 100 kPa. (Use equations.) 
(A) 72.3% (B) 72.9% (C) 73.6% (D) 74.3% 


Air at 5°C and 90% humidity is heated to 25°C. Estimate the final humidity. 
(A) 20% (B) 25% (C) 30% (D) 35% 


Air at 35°C and 70% humidity in a 3 m by 10 m by 20 m room is cooled to 25°C and 40% 
humidity. How much water is removed? 
(A)ldkg  (B)I2kg  (C)l0kg (р) 8 ке 
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Information of use in the closed-book exam (use this page for your work) 


Carnot Otto Brayton Rankine 
T T T 
2 3 
1 4 
5 5 5 5 
PV=mRT Rir = 0.287 kJ/kg-K Cp air = 1.0 kJ/kg-K Cy air=0.718 kJ/kg-K 
kl k-l k 
о 1-0 ү? tom a Leen УТ k =14 
Ty NP T, XV Р, XV uic 
T. P 
Q-W=mAu Au=C,AT As=C, In — RIn 
Ti Р, 
Q — W-—mAh Ah CoAT Ah = Au + A(Pv) 
Py Py 
тг w=0.622 5 P=P,+ P, 


& 8 
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Solution to Exam No. 3 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


(A) 

(С) Py = Р,(Т,/Т,)9%-! = 2430(300/900)*° = 52 kPa 

(A) ш= АТАз-600(-С, In Р;/Р,) = 6001.0 In 2430/4677) = 113 kJ/kg 
(А) 4-ТАз-900(-С, In Р/Р) = 900(—1.0 In 2430/4677) = 169 kJ/kg 
(С) P =P (T/T) = 100(754/300)** = 2520 kPa 

(D) g=C,AT=0.717(1600 — 754) = 607 kJ/kg 

(B) v/v; = (T,/T,) = (754/300)? = 10 

(D) q— Ah - C, AT = 1.0(1000 — 500) = 500 kJ/kg 

(С) Р/Р = (Т/Т) 7) = (500/300)? = 6 


(D) we/wr = Ahc/Ahz = C, ATc/C, AT; = (500 — 300)/(1000 — 600) = 0.5 


wr = шс _ 1000 — 600 — (500 — 300) . 1000 — 600 — (500 — 300) 


НАЕ 1000 500 M 1000 — 600 
dE —125 
npg 
(A) а= hy — hy = 3625 — 251 =3374 kJ/kg 
(А) s3 = s4 = 6.9029 = 0.832 + 7.70766x4. _. х, = 0.858 and h4 = 2274 kJ/kg 
`. wr = hy — hy = 3625 — 2274 1351 kJ/kg 
s3 = 6.9029 
(В) 4 284-3307. gin = hy — ha + hs — ha = 3625 — 251 + 3674 — 3307 = 3741 kJ/kg 
4= 
И 2400 
(D) Wp=mAP/p= 76 (10000 — 20)/1000 = 400 kW 
(С) Р,=Р—Р,=100—3.169=96.83. -о-0.622х 3.169/96.83 = 0.0204 
0.622P,/P, = 0.015 2.355 
р ежесезес аы арта 
e 22 ?— 3169 


(B) At ¢=90% and T —5?C, w=0.0048. At T=25°C and w=0.0048, à — 25% 


100 


(3 x 10 x 20) x 0.0171 = 12 kg 
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Final Exam (This exam covers the material of the three-hour exams) 


Name 


1. Select the correct statement for a liquid. 
(A) The enthalpy depends on pressure only. 
(B) The enthalpy depends on temperature only. 
(C) The specific volume depends on pressure only. 
(D) The internal energy depends on temperature only. 


2. Steam is expanded at constant temperature of 50^C from 100 kPa to 10 kPa. Select the correct 
diagram. 


P P P P 


(A) (B) (C) (D) 


3. In a quasiequilibrium process 
(A) the pressure remains constant. 
(B) the pressure varies with temperature. 
(C) the pressure is everywhere constant at an instant. 
(D) the pressure force results in a positive work input. 


4. Which of the following first-law statements is wrong? 
(A) The internal energy change equals the work of a system for an adiabatic process. 
(B) The heat transfer equals the enthalpy change for an adiabatic process. 


(C) The heat transfer equals the quasiequilibrium work of a system for a constant-volume 
process in which the internal energy remains constant. 


(D) The net heat transfer equals the work output for an engine operating on a cycle. 


5. Which of the following statements about work for a quasiequilibrium process is wrong? 
(A) Work is energy crossing a boundary. 
(B) The differential of work is inexact. 
(C) Work is the area under a curve on the P-T diagram. 
(D) Work is a path function. 


6. The gage pressure at a depth of 20 m in water is nearest: 
(A) 100 kPa (B) 200 kPa (C) 300 kPa (D) 400 kPa 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


SAMPLE EXAMS 


The force of the water on the 2-m-wide vertical plane area 15: 
(A) 400 kN (В) 350 КМ 
(C) 300 kN (D) 250 kN 


One kilogram of steam in a cylinder requires 320 kJ of heat 
while P — const. = 1 MPa. Find Т, if T, = 300°С. 
(A) 480°C (B) 450°C (C) 420°C (D) 380°C 


Calculate the magnitude of the work in Question 8. 
(A) 85 kJ (B) 72 kJ (C) 66 kJ (D) 59 kJ 


200 kg of a solid at 0°C is added to 42 kg of water at 80°C. The final temperature is: 
(A) 58°C (B) 52°C (C) 48°C (D) 42°C 


The pressure of steam at 400°C and и = 2949 kJ/kg is nearest: 
(A) 1.9 MPa (B) 1.8 MPa (C) 1.7 MPa (D) 1.6 MPa 


The enthalpy of steam at 400 kPa and v —0.7 m? /kg is nearest: 
(A) 3230 kJ/kg (B) 3240 kJ/kg (C) 3250 kJ/kg (D) 3260 kJ/kg 


The heat needed to raise the temperature of 0.1 m? of saturated steam from 120°C to 500°C in a 


rigid tank is: 
(A) 306 kJ (B) 221 kJ (C) 152 kJ (D) 67 kJ 


Estimate С, for steam at 4 MPa and 350°C. 


(А) 2.71 kJ/kgK (В) 2.53 J/keK (С) 2.31 KJ/keK (р) 2.04 J/kg-K 


A cycle involving a system has 3 processes. Unter 


Find Wi.5. 
(A)SOkJ — (B)40 kJ 
(C)30kJ — (D)20kJ 


The gas methane is heated at P — const. — 200 
kPa from 0°C to 300°C. The heat required is: 
(A) 766 kJ/kg (B) 731 kJ/kg 


(С) 692 kJ/kg (р) 676 kJ/kg ^ 
600 °C F 
Find О»- for the cycle shown. 
(A) — 500 kJ/kg (B) — 358 kJ/kg 
(C) 500 kJ/kg (D) 358 kJ/kg 
100 °C [- 
Find W,.» for the cycle shown. 
(A) 500 kJ/kg (B) 358 kJ/kg 
(C) 213 kJ/kg (D) 178 kJ/kg Questions 17, 18, 19 


Find Qi. for the cycle shown. 
(A) 500 kJ/kg (B) 358 kJ/kg 
(C) 213 kJ/kg (D) 178 kJ/kg 
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20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


SAMPLE EXAMS 


R134a enters an expansion valve as saturated liquid at 16°C and exits at —20°C. Its quality is: 
(A) 0.3 (B) 0.26 (C) 0.22 (D) 0.20 


The work needed to compress 1 kg/s of air adiabatically in a steady-flow compressor is: 
(A) 180 kW (B) 130 kW (C) 90 kW (D) 70 kW 


200 kJ/kg of heat is added to air in a steady-flow heat exchanger. The temperature rise is: 
(A) 200°C (B) 220°C (C) 240°C (D) 260°C 


A nozzle accelerates air from 10 m/s to 800 m/s. The temperature rise is nearest: 
(A) 200°C (B) 240°C (C) 280°C (D) 320°C 


The net entropy change in the universe during a process is: 
(A) zero 
(B) equal to or greater than zero 
(C) equal to or less than zero 
(D) undefined 


An isentropic process: 
(A) is adiabatic and reversible. 
(B) is reversible but may not be adiabatic. 
(C) is adiabatic but may not be reversible. 


(D) is always reversible. 


Which of the following second-law statements is wrong? 
(A) Heat is always rejected from a heat engine. 
(B) The entropy of an isolated process must remain constant or increase. 
(C) The entropy of a hot copper block decreases as it cools. 
(D) Work must be input if energy is transferred from a cold body to a hot body. 


An inventor claims to extract 100 kJ of energy from 30°C sea water and generate 7 kJ of heat while 
rejecting 93 kJ to a 10°C stratum. The scheme fails because: 


(A) the temperature of the sea water is too low. 
(B) it is a perpetual-motion machine. 

(C) it violates the first law. 

(D) it violates the second law. 


Given the entropy relationship As— C, In T;/T;. For which of the following is it incorrect? 
(A) Air, P — const. (B) Water (C) A reservoir (D) Copper 


The maximum power output of an engine operating between 600°C and 20°C if the heat input is 
100 kJ/s is: 
(A) 83.3 kW (B) 77.3 kW (C) 66.4 kW (D) 57.3 kW 


Ten kilograms of iron at 300 °С is chilled in a large volume of ice and water. If Ciron = 0.45 kJ/kg K, 
the net entropy change is nearest: 
(A) 0.41 kJ/kg (B) 0.76 kJ/kg (С) 1.20 kJ/kg (D) 1.61 kJ/kg 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 
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A farmer has a pressurized air tank at 2000 kPa and 20°C. Estimate the exiting temperature from a 
valve assuming isentropic flow. 
(A) —150°C (B) –120 °С (С) -90*C (D) —40°C 


Three temperatures in a diesel cycle are T, = 300 К, 7, = 950 К, 7, = 2000 К. Find the heat input 
assuming constant specific heats. 
(A) 1150 kJ/kg (B) 1050 kJ/kg (C) 950 kJ/kg (D) 850 kJ/kg 


The compression ratio for the diesel cycle of Question 32 is nearest: 
(A) 19.8 (B) 18.4 (C) 17.8 (D) 17.2 


The temperature Т) for the diesel cycle of Question 32 is nearest: 
(A) 950 K (B) 900 K (C) 850 K (D) 800 K 


Find дв іп kJ/kg: | 20 MPa 
(А) 3400 (В) 3200 a алы 600 °C 
(C)2900 (Р) 2600 


Turbine 


40 kP 
Find wp in kJ/kg: ; 
(A) 20 (B) 30 40 kPa 
(C) 40 (D) 50 


Cooling water 
<= 


Condenser 
Wp 80°C 


Pump 
Find ит in kJ/kg: 


(A) 1000 (B) 950 Questions 35-39 
(C) 925 (D) 900 


The efficiency of the turbine is nearest: 
(A) 67% (B) 69% (C) 72% (D) 75% 


The mass flux of the condenser cooling water if its AT = 30°C and msteam = 50 kg/s is: 
(A) 1990 kg/s (B) 1920 kg/s (C) 1840 kg/s (D) 1770 kg/s 


Using equations, calculate the maximum possible specific humidity о if T=30°C. (Р = 100kPa.) 
(A) 0.0273 (B) 0.0274 (C) 0.0275 (D) 0.0276 


The outside temperature is 35°C. A wet cloth, attached to the bulb of a thermometer, reads 28 °C 
with air blowing over it. Estimate the humidity. 
(A) 50% (B) 55% (C) 60% (D) 65% 


Outside air at 10°C and 100% humidity is heated to 30°C. How much heat is needed if лї = 10 kg/s? 
(A) 185 kJ/s (B) 190 kJ/s (С) 195 kJ/s (D) 205 kJ/s 
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Equation of use in the closed-book exam (use this page for your work) 


Air: к= 1.4, К = 0.287 kJ/kg-K, 


Water: p= 1000kg/m’, 


C, = 1.00 kJ/kg-K, C, 20.717 К/кек 


C, —4.18 kJ/kg-K 


PV=mRT P= pRT Pv — RT P=pgAh 
h —u-4 Pv Au=C,AT Ah=C,AT 
Т. V Т. Р. DL (BAT мү“! 
As=C,ln Ż +R In 2 As=C, In 2 — R In 2 Б Нн pets E 
Ti Vi Ti Р, Ti Pi У 
Toca? °С {973 W--fPdv 
V V. 
icio Wi.) ——mRT 1а (T = const.) 
6 
v— Ug x(v, — vj) = Vf HXU fg As- [52 
Q—W-2AU--AKE- ДРЕ 
! V5 - Vi 
pAV — m Q—W,—m|h;—hj- 5 (gas or vapor) 
Р,-Р 42-14 
Е аера ) (liquid) 
p 2 
output Т, output Т, 
эк== =1——— СОР = = 
max input Ty ( к) max input — Tg — Т 
P. P. 
= = 0.622— P=P,+ Р, 
б-р о= 0.6225 + Py 


Solution to Final Exam 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 
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P= pgAh = 1000 x 9.8 x 20 = 196000 Pa 
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The pressure varies linearly from top to bottom. Hence, use the average pressure at the center. 


ЛЕ = Р, 


avg 


О=тАН. 


320 = 1(һ› — 3051). 


hs = 3371. 


W = PmAv= 1000 x 1(0.3304 — 0.2579) = 72.5 kJ 


m,C, AT, = m,C,AT,,. 


Interpolate: P — 


A= pghconterA = 1000 x 9.8 x 3 x (2x 6) 2352800 N 


Р, = 1 MPa. „ТУ = 450°C 


200 x 0.8(T, — 0) =42 х418(80-Т), Т,-41.9%С 


2951.3 — 2949 


0.7 — 0.6548 


2951.3 — 2945.2 


0.7139 — 0.6548 


m= V/v=0.1/0.892 = 0.112 kg. 


х 0.5 + 11.5 = 1.698 MPa 


(3273.4 — 3169.6) + 3169.6 = 3249 kJ/kg 


Q=mAv=0.112(3130 — 2529) = 67.3 kJ 


C, = Ah/AT = (3213.5 — 2960.7)/(400 — 300) = 2.53 kJ/kg-K 


From last row, U; = 10. From first row, 40 — W = 30 — 10. 


а= Ah = C,AT =2.254 x 300 = 676 kJ/kg 


а= C,AT = 1.0(100 — 600) = —500 kJ/kg 


03/09 = Т/Т = 373/873. 


q=w=213 kJ/kg 


^W =20 kJ 


w= RT In v/v, = 0.287 x 873 In 873/373 = 213 kJ/kg 


hy =h; = 71.69 = 24.26 + 211.05x5. 


“xy = 0.225 


W=mAh=mC,AT = 1 x 1.0(200 — 20) = 180 kW 


q=Ah=C,AT. 


0O=h, —hy+ 


2-1) 


2 


200- 1.0AT. 


10хАТ- 


ЛАТ =200°С 


102 — 8007 
2x 1000 ` 


ЛАТ = — 320°C 
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25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


(C) 


(C) 


(D) 


(A) 


(B) 


(C) 


(C) 


(B) 


(A) 


(D) 


(B) 


(C) 


(D) 


(C) 


(D) 


SAMPLE EXAMS 


7 Т, 283 E 
n= тор = 0.7. Nmax = 1 — Ty =1— 303 = 0.066. Thus, it violates the second law. 
Т, 293 у W оң 
Hug Dv gag Oe TIN ^W = 66.4 kW 
273 1350 
Q=mC,AT = 10 x 0.45(300 — 0) 21350 kJ. AS, = 10 x 0.451n 573 + эту = 1.61 kJ/kg 
k-1 
PN 100 \ 92557 : 

Т» = Т\ (ғ) =) = 124 К ог – 149 °С 

q2-3 = Ah = C, AT = 1.0 x (2000 — 950) = 1050 kJ/kg 

thy, co EUN СЕ 

v Т, 300 

v, T, _2000_ v wv v 178 | ET B ut 
77,7 950 =2.11. a x n ~ ZII =8.46. T=T7; Т = 2000/8.46 “= 851 К 
а= h; — h, = 3538 — 335 = 3203 kJ/kg 

АР 20000-40 
-----------20К/К 
M NET 1000 ЕНЕ 
шт = h; — h4 = 3538 — 2637 2901 kJ/kg 
h3—hg 901 

"— А, 3538—0230 7990 

where 5; = 54 = 6.51 = 1.026 + 6.645xy. ха = 0.825 and hy = 2232 

m,Ah,=m,Ah,. 50(2637 — 335) =m,, x 4.18 x 15. “My = 1836 kg/s 

0.622 x 4.246 

ф=1. JP, = Р, = 4.246 kPa. OF a Ее АНЕ 0.0276 

From the psychrometric chart ¢= 60%. 

О = m ^h = 10(50 — 29.5) = 205 using ал = а» on the psychrometric chart. 


Length 


1 cm = 0.3937 in 
1 m= 3.281 ft 

1 km = 0.6214 mi 
lin = 2.54 cm 

1 ft = 0.3048 m 

1 mi = 1.609 km 

1 mi = 5280 ft 

1 mi = 1760 yd 


Work and Heat 


1 J = 10" ergs 

1 ft-lbf = 1.356 J 

1 Cal = 3.088 ft-lb 

1 Cal = 0.003968 Btu 
1 Btu = 1055 J 

1 Btu = 0.2930 W.hr 
1 Btu = 778 ft-lb 

1 kWh = 3412 Btu 

1 therm = 10° Btu 

1 quad = 10? Btu 


APPENDIX A 


Conversions of 


Force 


1 Ibf = 0.4448 x 10° dyne 
1 dyne = 2.248 x 10° Ibf 
1 kip = 1000 Ibf 

1 N = 0.2248 Ibf 

1 N = 10° dyne 


Power 


1 ho = 550 ft-Ib/sec 

1 hp = 2545 Btu/hr 

1 hp = 0.7455 kW 

1W=1 J/s 

1 W = 1.0 x 10’ dyne-cm/s 
1 W = 3.412 Btu/hr 

1 kW = 1.341 hp 

1 ton = 12,000 Btu/hr 

1 ton = 3.517 kW 


Mass 


Units 


Velocity 


1 oz = 28.35 g 

1 Ibm = 0.4536 kg 
1 slug = 32.17 Ibm 
1 slug = 14.59 kg 
1 kg = 2.205 Ibm 


Pressure 


1 mph = 1.467 ft/sec 
1 mph = 0.8684 knot 
1 ft/sec = 0.3048 m/s 
1 km/h = 0.2778 m/s 
1 knot = 1.688 ft/sec 


Volume 


1 psi = 2.036 in Hg 

1 psi = 27.7 in H,O 

1 atm = 29.92 in Hg 
1 atm = 33.93 ft H,O 
1 atm = 101.3 kPa 

1 atm = 1.0133 bar 

1 atm = 14.7 psi 

1 in Hg = 0.4912 psi 
1 ft H,O = 0.4331 psi 
1 psi = 6.895 kPa 

1 kPa = 0.145 psi 


1 f = 7.481 gal (U.S.) 
1 f = 0.02832 m? 

1 gal (U.S.) = 231 in? 
1 gal (Brit.) = 1.2 gal (U.S.) 
1 L= 10° m? 

1 L = 0.03531 f? 

1 L = 0.2642 gal 

1 m? = 2642 gal 

1 m? = 35.31 ft? 

1f? = 28.32 L 

1 in? = 16.387 Cm? 
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APPENDIX B 


Material Properties 


Table B-1 Properties of the U.S. Standard Atmosphere 
P,=101.3 kPa, р, = 1.225 kg/m? 


Altitude Temperature Pressure Density 
m °С PIP, pl po 
0 15.2 1.000 1.000 

1,000 9.7 0.8870 0.9075 

2,000 2.2 0.7846 0.8217 

3,000 -43 0.6920 0.7423 

4,000 -10.8 0.6085 0.6689 

5,000 -17.3 0.5334 0.6012 

6,000 -23.8 0.4660 0.5389 

7,000 -30.3 0.4057 0.4817 

8,000 —36.8 0.3519 0.4292 
10,000 —49.7 0.2615 0.3376 
12,000 —56.3 0.1915 0.2546 
14,000 —56.3 0.1399 0.1860 
16,000 —56.3 0.1022 0.1359 
18,000 —56.3 0.07466 0.09930 
20,000 —56.3 0.05457 0.07258 
30,000 -46.5 0.01181 0.01503 
40,000 -26.6 0.2834 x 107 0.3262 x 107 
50,000 -23 0.7874 x 10? 0.8383 x 10? 
60,000 -17.2 0.2217 x 10? 0.2497 x 10? 
70,000 —53.3 0.5448 x 10 0.7146 x 10* 
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Table B-1E Properties of the U.S. Standard Atmosphere 
P, = 14.7 psia, o, = 0.0763 kg/ft? 
Altitude Temperature Pressure Density 
ft °F PIP, ою, 
0 59.0 1.00 1.00 
1,000 55.4 0.965 0.975 
2,000 51.9 0.930 0.945 
5,000 412 0.832 0.865 
10,000 23.4 0.688 0.743 
15,000 5.54 0.564 0.633 
20,000 -12.3 0.460 0.536 
25,000 —30.1 0.371 0.451 
30,000 -48.0 0.297 0.376 
35,000 -65.8 0.235 0.311 
36,000 -67.6 0.224 0.299 
40,000 -67.6 0.185 0.247 
50,000 -67.6 0.114 0.153 
100,000 -67.6 0.0106 0.0140 
110,000 -47.4 0.00657 0.00831 
150,000 113.5 0.00142 0.00129 
200,000 160.0 0.314 x 10? 0.262 x 10? 
260,000 —28 0.351 x 10* 0.422 x 10* 
Table B-2 Properties of Various Ideal Gases 
R C C 
Chemical Molar d ч 
Gas Formula Mass | kJ/kg-K |ft-lbf/lbm-°R | K-J/kg-K |Btu/lbm-°R|k-J/kg-K |Btu/Ibm-°R} К 
Air - 28.97 | 0.2870 53.34 1.003 0.240 0.717 0.171 1.400 
Argon Ar 39.95 | 0.208 1 38.68 0.520 0.1253 0.312 0.0756 | 1.667 
Butane ЄН; 58.12 | 0.1430 26.58 1.716 0.415 1.573 0.381 1.091 
Carbon dioxide СО, 44.01 | 0.1889 35.10 0.842 0.203 0.653 0.158 1.289 
Carbon monoxide CO 28.01 | 0.296 8 55.16 1.041 0.249 0.744 0.178 1.400 
Ethane C,H, 30.07 | 0.2765 51.38 1.766 0.427 1.490 0.361 1.186 
Ethylene C,H, 28.05 | 0.296 4 55.07 1.548 0.411 1.252 0.340 1.237 
Helium He 4.00 | 2.0770 386.0 5.198 1.25 3.116 0.753 1.667 
Hydrogen H, 2.02 | 4.1242 766.4 14.209 3.43 10.085 2.44 1.409 
Methane CH, 16.04 | 0.5184 96.35 2.254 0.532 1.735 0.403 1.299 
Neon Ne 20.18 | 0.4120 76.55 1.020 0.246 0.618 0.1477 1.667 
Nitrogen N, 28.01 | 0.296 8 55.15 1.042 0.248 0.745 0.177 1.400 
Octane С,Н,, 114.23 | 0.072 8 13.53 1.711 0.409 1.638 0.392 1.044 
Oxygen 5 32.00 | 0.259 8 48.28 0.922 0.219 0.662 0.157 1.393 
Propane C,H; 44.10 | 0.188 6 35.04 1.679 0.407 1.491 0.362 1.126 
Steam H,O 18.02 | 0.4615 85.76 1.872 0.445 1.411 0.335 1.327 


Note: C, C,, and k are at 300 K. Also, kJ/kg-K is the same as kJ/kg-°C. 


Source: G. J. Van Wylen and R. E. Sonntag, Fundamentals of Classical Thermodynamics, Wiley, New York, 1976. 
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Table B-3 Critical Point Constants 
Temperature Pressure Volume 
Molar 
Substance Formula Mass K °R MPa psia ft/lbmol my/kmol Z, 
Air 28.97 133 239 3.77 547 1.41 0.0883 0.30 
Ammonia NH, 17.03 405.5 729.8 11.28 1636 1.16 0.0724 0.243 
Argon Ar 39.94 151 272 4.86 705 1.20 0.0749 0.290 
Benzene CH, 78.11 562 1012 4.92 714 4.17 0.2603 0.274 
Butane C,H o 58.12 4252 765.2 3.80 551 4.08 0.2547 0.274 
Carbon dioxide CO, 44.01 304.2 547.5 7.39 1070 1.51 0.0943 0.275 
Carbon monoxide CO 28.01 133 240 3.50 507 1.49 0.0930 0.294 
Carbon tetrachloride CC, 153.84 556.4 1001.5 4.56 661 4.42 0.2759 0.272 
Ethane C,H, 30.07 305.5 549.8 4.88 708 2.37 0.148 0.284 
Ethylene C,H, 28.05 282.4 508.3 5.12 742 1.99 0.1242 0271 
Helium He 4.00 53 9.5 0.23 33.2 0.926 0.0578 0.302 
Hydrogen H, 2.02 33.3 59.9 1.30 188 1.04 0.0649 0.304 
Methane CH, 16.04 191.1 343.9 4.64 673 1.59 0.0993 0.290 
Neon Ne 20.18 44.5 80.1 2.73 395 0.668 0.0417 0.308 
Nitrogen N, 28.02 126.2 227.1 3.39 492 1.44 0.0899 0.291 
Oxygen О, 32.00 1548 278.6 5.08 736 1.25 0.078 0.308 
Ргорапе C,H, 44.00 370.0 665.9 4.26 617 3.20 0.1998 0.277 
Propylene C,H, 42.08 365.0 656.9 4.62 670 2.90 0.1810 0.276 
R134a СЕ,СН,Е 102.03 374.3 613.7 4.07 596 2.96 0.2478 0.324 
Sulfur dioxide SO, 64.06 4307 775.2 7.88 1143 1.95 0.1217 0.269 
Water H,O 18.02 647.4 1165.3 22.1 3204 0.90 0.0568 0.233 
Source: К. A. Kobe and К. E. Lynn, Jr., Chem. Rev., 52: 117—236 (1953). 
Table B-4 Specific Heats of Liquids and Solids 
C, kJ/kg-°C 
Liquids 
Substance State C, Substance State C, 
Water latm, 25°C 4.177 Glycerin latm, 10?C 2.32 
Ammonia sat., —20 °C 4.52 Bismuth l atm, 425°C 0.144 
sat., 50°C 5.10 Mercury l atm, 10°C 0.138 
Freon 12 sat., —20 °C 0.908 Sodium l atm, 95°C 1.38 
sat., 50°C 1.02 Propane l atm, 0°C 2.41 
Benzene l atm, 15°C 1.80 Ethyl Alcohol l atm, 25°C 2.43 
Solids 
Substance Т, °С C, Substance T, °C С, 
Ice —11 2.033 Lead -100 0.118 
—2.2 2.10 0 0.124 
Aluminum —100 0.699 100 0.134 
0 0.870 Соррег —100 0.328 
100 0.941 0 0.381 
Iron 20 0.448 100 0.393 
Silver 20 0.233 


Source: Kenneth Wark, Thermodynamics, 3d ed., McGraw-Hill, New York, 1981. 
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Table B-4E Specific Heats of Liquids and Solids 
Btu/lbm-°F 
Liquids 
Substance State C, Substance State C, 
Water latm, 77?C 1.00 Glycerin l atm, 50°C 0.555 
Ammonia sat., —4 °C 1.08 Bismuth 1 atm, 800°C 0.0344 
sat., 120°C 1.22 Mercury l atm, 50°C 0.0330 
Freon 12 sat., —4 °C 0.217 Sodium l atm, 200°C 0.330 
sat., 120°C 0.244 Propane 1 atm, 32°C 0.577 
Benzene l atm, 60°F 0.431 Ethyl Alcohol latm, 77°C 0.581 
Substance T, °F С, Substance T, °F С, 
Ice —76 0.392 Silver -4 0.0557 
-12 0.486 Lead —150 0.0282 
Aluminum -28 0.402 30 0.0297 
-150 0.167 210 0.0321 
30 0.208 Соррег -150 0.0785 
210 0.225 30 0.0911 
Tron -4 0.107 210 0.0940 
Source: Kenneth Wark, Thermodynamics, 3d ed., McGraw-Hill, New York, 1981. 
Table B-5 Constant-Pressure Specific Heat of Various Ideal Gases 
0 = T(Kelvin)/100 
C, Range Max. Error 
Gas kJ/kmol-K K 96 
N, 39.060 — 512.7907? + 1072.7? — 820.400? 300—3500 0.43 
O, 37.432 + 0.0201020!? — 178.5707!? + 236.8807 300—3500 0.30 
H, 56.505 — 702.74075 + 1165.007! — 560.7005 300—3500 0.60 
CO 69.145 — 0.70463095 — 200.77025 + 176.76075 300-3500 0.42 
OH 81.546 — 59.3500° + 17.329095 — 4.26600 300—3500 0.43 
NO 59.283 — 1.709609? — 70.613079? + 74.8890? 300—3500 0.34 
H,O 143.05 — 183.546°* + 82.751095 — 3.69890 300—3500 0.43 
CO, —3.7357 + 30.529095 — 4.10340  0.0241980? 300-3500 0.19 
NO, 46.045 + 216.1005 — 363.66075 + 232.5506? 300-3500 0.26 
CH, —672.87 + 439.7409?5 — 24.875095 + 323.8805 200-2000 0.15 
C.H, —95.395 + 123.1509? — 35.641095 + 182.770? 300—2000 0.07 


Source: G. J. Van Wylen and R. E. Sonntag, Fundamentals of Classical Thermodynamics, Wiley, New York, 1976. 
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Table B-5E Constant-Pressure Specific Heat of Various Ideal Gases 
6 = T(Rankine)/180 
С, Range Max. Error 

Gas Btu/lbmol-°R °R % 

N, 9.3355 — 122.560? + 256.380? — 196.080? 540—6300 0.43 

O, 8.9465 + 4.8044 х 1020!? — 42.679607? + 56.6150? 540—6300 0.30 

H, 13.505 – 167.960275 + 278.446"! — 134.0107? 540-6300 0.60 
СО 16.526 — 0.168410°° — 47,9850%5--42.2460%5 540-6300 0.42 
ОН 19.490- 14.18500:5-4,14180975-- 1.01960 540-6300 0.43 
МО 14.169 — 0.408616°° — 16.8776° + 17.89907!° 540-6300 0.34 
H,O 34.190 — 43.8680??5 + 19.778005 — 0.884070 540—6300 0.43 
CO, —0.89286 + 7.29670?? — 0.980740 + 5.7835 x 1020? 540—6300 0.19 
NO, 11.005 + 51.6506°° — 86.9160? + 55.5800? 540-6300 0.26 
CH, —160.82 + 105.106??5 — 5.94520975 + 77.40805 540—3600 0.15 
C,H, —22.800 + 29.433095 — 8.51856" + 43.6830? 540—3600 0.07 


Source: G. J. Van Wylen and R. E. Sonntag, Fundamentals of Classical Thermodynamics, Wiley, New York, 1976. 


Table B-6  Enthalpy of Formation and Enthalpy of Vaporization 


25°C (77 °F), 1 atm 
Substance Formula h°, kJ/kmol h je KJ/kmol h°, Btu/Ibmol h o Btu/Ibmol 
Carbon C(s) 0 0 
Hydrogen H,(g) 0 0 
Nitrogen N,(g) 0 0 
Oxygen О.(е) 0 0 
Carbon monoxide CO(g) -110 530 —47,540 
Carbon dioxide CO,(g) —393 520 —169,300 
Water H,O(g) —241 820 —104,040 
Water H,0() —285 830 44 010 —122,970 
Hydrogen peroxide H,0,(g) -136 310 61 090 —58,640 26,260 
Ammonia NH,(g) —46 190 —19,750 
Oxygen O(g) 249 170 + 107,210 
Hydrogen H(g) 218 000 + 93,780 
Nitrogen N(g) 472 680 +203,340 
Hydroxyl OH(g) 39 040 + 16,790 
Methane CH,(g) —74 850 —32,210 
Acetylene (Ethyne) C,H,(g) 226 730 + 97,540 
Ethylene (Ethene) C,H, (8) 52 280 + 22,490 
Ethane С,Н,(8) —84 680 —36,420 
Propylene (Propene) C,H,(g) 20 410 + 8,790 
Propane C,H,(g) —103 850 15 060 —44,680 6,480 
n-Butane C,H (9) -126 150 21 060 -54,270 9,060 
n-Pentane C.H,,(g) -146 440 31410 
n-Octane C,H, (2) —208 450 41 460 —89,680 17,835 
Benzene C,H,(g) 82 930 33 830 + 35,680 14,550 
Methyl alcohol CH,OH(g) —200 890 37 900 —86,540 16,090 
Ethyl alcohol C,H,OH(g) -235 310 42 340 —101,230 18,220 


Sources: JANAF Thermochemical Tables, NSRDS-NBS-37, 1971; Selected Values of Chemical Thermodynamic Properties, NBS 
Technical Note 270-3, 1968; and API Res. Project 44, Carnegie Press, Carnegie Institute of Technology, Pittsburgh, 1953. 
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Table B-7  Enthalpy of Combustion and Enthalpy of Vaporization 
25°C (77 °F), 1 atm 


Substance Formula -ННУ, kJ/kmol h je KJ/kmol -ННУ, Btu/Ibmol hs Btu/Ibmol 
Hydrogen H,(g) —285 840 -122,970 

Carbon C(s) —393 520 —169,290 

Carbon monoxide CO(g) —282 990 —121,750 

Methane CH,(g) —890 360 —383,040 

Acetylene C;H.(g) -1 299 600 —559,120 

Ethylene С.Н,(е) -1 410970 —607,010 

Ethane С,Н,(8) -1 559 900 —671,080 

Propylene C,H,(g) —2 058 500 —885,580 

Propane C,H,(g) —2 220 000 15 060 —955,070 6,480 
n-Butane C,H (8) -2 877 100 21 060 -1,237,800 9,060 
n-Pentane C.H,,(g) —3 536 100 26 410 -1,521,300 11,360 
n-Hexane CH, (8) —4 194 800 31 530 —1,804,600 13,560 
n-Heptane C,H,«(g) —4 853 500 36 520 —2,088,000 15,710 
n-Octane C,H (8) —5 512 200 41 460 -2,371,400 17,835 
Benzene C.H,(g) —3 301 500 33 830 —1,420,300 14,550 
Toluene СН, (&) —3 947 900 39 920 —1,698,400 17,180 
Methyl alcohol CH,OH(g) —764 540 37 900 —328,700 16,090 
Ethyl alcohol C,H,OH(g) —1 409 300 42 340 —606,280 18,220 


Note: Water appears as a liquid in the products of combustion. 


Source: Kenneth Wark, Thermodynamics, 3d ed., McGraw-Hill, New York, 1981, pp. 834—835, Table A-23M. 


Table B-8 Constants for the van der Waals and the Redlich-K wong Equation of State 


Van der Waals equation 


a, kPa-m9/kg? b, m/kg a, lbf-ft'/Ibn? b, Лып 

Air 0.1630 0.00127 870 0.0202 
Ammonia 1.468 0.00220 7850 0.0351 
Carbon dioxide 0.1883 0.000972 1010 0.0156 
Carbon monoxide 0.1880 0.00141 1010 0.0227 
Freon 12 0.0718 0.000803 394 0.0132 
Helium 0.214 0.00587 1190 0.0959 
Hydrogen 6.083 0.0132 32,800 0.212 

Methane 0.888 0.00266 4780 0.0427 
Nitrogen 0.1747 0.00138 934 0.0221 
Oxygen 0.1344 0.000993 720 0.0159 
Propane 0.481 0.00204 2580 0.0328 
Water 1.703 0.00169 9130 0.0271 
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Table B-8 (Continued) 


Redlich-Kwong Equation 


а, kPa-m*-K"/kg? b, m/kg a, lbf-ft^-?R'?2/Ibm? b, Лып 
Air 1.905 0.000878 13,600 0.014 
Ammonia 30.0 0.00152 215,000 0.0243 
Carbon dioxide 3.33 0.000674 24,000 0.0108 
Carbon monoxide 2.20 0.000978 15,900 0.0157 
Freon 12 1.43 0.000557 10,500 0.00916 
Helium 0.495 0.00407 3,710 0.0665 
Hydrogen 35.5 0.00916 257,000 0.147 
Methane 12.43 0.00184 89,700 0.0296 
Nitrogen 1.99 0.000957 14,300 0.0153 
Oxygen 1.69 0.000689 12,200 0.0110 
Propane 9.37 0.00141 67,600 0.0228 
Water 43.9 0.00117 316,000 0.0188 


APPENDIX C 


Thermodynamic 
Properties of Water 
(Steam Ta 


Table C-1 Properties of Saturated H,O— Temperature Table 


bles) 


Volume, m?/kg Energy, kJ/kg Enthalpy, kJ/kg Entropy, kJ/kg-K 
ТІ С Р, МРа v, v, и, и, һ, ША h, S; Sig 5, 

0.010 0.0006113 0.001000 206.1 0.0 2375.3 0.00 2501.3 2501.3 0.0000 9.1571 9.1571 

2 0.0007056 0.001000 179.9 8.4 2378.1 8.4 2496.6 2505.0 0.0305 9.0738 9.1043 

5 0.0008721 0.001000 147.1 21.0 2382.2 21.0 2489.5 2510.5 0.0761 8.9505 9.0266 
10 0.001228 0.001000 106.4 42.0 2389.2 42.0 2477.7 2519.7 0.1510 8.7506 8.9016 
15 0.001705 0.001001 77.93 63.0 2396.0 63.0 2465.9 2528.9 0.2244 8.5578 8.7822 
20 0.002338 0.001002 57.79 83.9 2402.9 83.9 24542 2538.1 0.2965 8.3715 8.6680 
25 0.003169 0.001003 43.36 1040 2409.8 104.9 2442.3 2547.2 0.3672 8.1916 8.5588 
30 0.004246 0.001004 32.90 125.8 2416.6 125.8 2430.4 2556.2 0.4367 8.0174 8.4541 
35 0.005628 0.001006 25.22 1467 24234 1467 2418.6 2565.3 0.5051 7.8488 8.3539 
40 0.007383 0.001008 19.52 167.5 24301 167.5 2406.8 2574.3 0.5723 7.6855 8.2578 
45 0.009593 0.001010 15.26 188.4 2436.8 188.4 2394.8 2583.2 0.6385 7.5271 8.1656 
50 0.01235 0.001012 12.03 209.3 2443.5 2093 2382.8 2592.1 0.7036 7.3735 8.0771 
55 0.01576 0.001015 9.569 230.2 24501 230.2 2370.7 2600.9 0.7678 7.2243 7.9921 
60 0.01994 0.001017 7.671 2511 2456.6 251.1 2358.5 2609.6 0.8310 7.0794 7.9104 
65 0.02503 0.001020 6.197 272.0 2463.1 272.0 2346.2 2618.2 0.8934 6.9384 7.8318 
70 0.03119 0.001023 5.042 292.9 2469.5 2930 2333.8 2626.8 0.9549 6.8012 7.7561 
75 0.03858 0.001026 4.131 3130 2475.9 313.9 2321.4 2635.3 1.0155 6.6678 7.6833 
80 0.04739 0.001029 3.407 334.8 24822 334.9 2308.8 26437 1.0754 6.5376 7.6130 
85 0.05783 0.001032 2.828 355.8 2488.4 355.9 2296.0 2651.9 1.1344 6.4109 7.5453 
90 0.07013 0.001036 2.361 376.8 2494.5 376.9 2283.2 2660.1 1.1927 6.2872 7.4799 
95 0.08455 0.001040 1.982 397.9 2500.6 3979 2270.2 2668.1 1.2503 6.1664 7.4167 
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Table C-1 (Continued) 


Volume, m?/kg Energy, kJ/kg Enthalpy, kJ/kg Entropy, kJ/kg-K 

ГС Р, МРа v, v, и, и, һ, hy, h, 5; 5% 5, 

100 0.1013 0.001044 1.673 418.9 2506.5 419.0 2257.0 2676.0 1.3071 6.0486 7.3557 
110 0.1433 0.001052 1.210 4611 25181 461.3 2230.2 2691.5 1.4188 5.8207 7.2395 
120 0.1985 0.001060 0.8919 503.5 2529.2 5037 2202.6 2706.3 1.5280 5.6024 7.1304 
130 0.2701 0.001070 0.6685 546.0 2539.9 5463 2174.2 2720.5 1.6348 5.3929 7.0277 
140 0.3613 0.001080 0.5089 5887 25500 589.1 2144.8 27339 1.7395 5.1912 6.9307 
150 0.4758 0.001090 0.3928 6317 2559.5 632.2 21142 27464 1.8422 4.9965 6.8387 
160 0.6178 0.001102 0.3071 674.9 25684 675.5 2082.6 27581 1.9431 4.8079 6.7510 
170 0.7916 0.001114 0.2428 718.3 2576.5 719.2 2049.5 2768.7 2.0423 4.6249 6.6672 
180 1.002 0.001127 0.1941 762.] 2583.7 763.2 2015.0 2778.2 2.1400 4.4466 6.5866 
190 1.254 0.001141 0.1565 806.2 2590.0 807.5 1978.8 2786.4 2.2363 4.2724 6.5087 
200 1.554 0.001156 0.1274 850.6 2595.3 852.4 1940.8 2793.2 2.3313 4.1018 6.4331 
210 1.906 0.001173 0.1044 895.5 2599.4 897.7 1900.8 2798.5 2.4253 3.9340 6.3593 
220 2.318 0.001190 0.08620 940.9 2602.4 943.6 1858.5 2802.1 2.5183 3.7686 6.2869 
230 2.795 0.001209 0.07159 986.7 2603.9 990.1 1813.9 2804.0 2.6105 3.6050 6.2155 
240 3.344 0.001229 0.05977 1033.2 2604.0 1037.3 1766.5 2803.8 2.7021 3.4425 6.1446 
250 3.973 0.001251 0.05013 10804 26024 1085.3 1716.2 2801.5 2.7933 3.2805 6.0738 
260 4.688 0.001276 0.04221 11284 2599.0 11344 1662.5 2796.9 2.8844 3.1184 6.0028 
270 5.498 0.001302 0.03565 1177.3 2593.7 1184.5 1605.2 2789.7 2.9757 2.9553 5.9310 
280 6.411 0.001332 0.03017 12274 25861 1236.0 1543.6 2779.6 3.0674 2.7905 5.8579 
290 7.436 0.001366 0.02557 1278.9 2576.0 12890 1477.2 2766.2 3.1600 2.6230 5.7830 
300 8.580 0.001404 0.02168 1332.0 2563.0 1344.0 1405.0 2749.0 3.2540 2.4513 5.7053 
310 9.856 0.001447 0.01835 1387.0 25464 1401.3 1326.0 2727.3 3.3500 2.2739 5.6239 
320 11.27 0.001499 0.01549 1444.6 2525.5 1461.4 1238.7 2700.1 3.4487 2.0883 5.5370 
330 12.84 0.001561 0.01300 1505.2 24990 1525.3 1140.6 2665.9 3.5514 1.8911 5.4425 
340 14.59 0.001638 0.01080 1570.3 2464.6 1594.2 1027.9 2622.1 3.6601 1.6765 5.3366 
350 16.51 0.001740 0.008815 1641.8 2418.5 16706 8934 2564.0 3.7784 1.4338 5.2122 
360 18.65 0.001892 0.006947 1725.2 2351.6 1760.5 720.7 2481.2 3.9154 1.1382 5.0536 
370 21.03 0.002213 0.004931 1844.0 2229.0 18905 442.2 2332.7 4.1114 0.6876 4.7990 
374.136 22.088 0.003155 0.003155 2029.6 2029.6 2099.3 0.0 2099.3 4.4305 0.0000 4.4305 


Sources: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969; С. J. Van Wylen and R. Е. Sonntag, Fundamentals of 
Classical Thermodynamics, Wiley, New York, 1973. 
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Table C-2 Properties of Saturated H,O—Pressure Table 
Volume, m?/kg Energy, kJ/kg Enthalpy, kJ/kg Entropy, kJ/kg-K 
P, MPa T° CE v, v, и; и, һ, hg h, 5, 5% S, 
0.000611 0.01 0.001000 206.1 0.0 2375.3 0.0 25013 2501.3 0.0000 9.1571 9.1571 
0.0008 3.8 0.001000 159.7 15.8 2380.5 15.8 2492.5 2508.3 0.0575 9.0007 9.0582 
0.001 7.0 0.001000 129.2 29.3 2385.0 29.3 2484.9 25142 0.1059 8.8706 8.9765 
0.0012 9.7 0.001000 108.7 40.6 2388.7 40.6 2478.5 2519.1 0.1460 8.7639 8.9099 
0.0014 12.0 0.001001 93.92 50.3 2391.9 503 2473.1 2523.4 0.1802 8.6736 8.8538 
0.0016 14.0 0.001001 82.76 58.9 23947 58.9 2468.2 2527.1 0.2101 8.5952 8.8053 
0.0018 15.8 0.001001 74.03 66.5 2397.2 66.5 2464.0 2530.5 0.2367 8.5259 8.7626 
0.002 17.5 0.001001 67.00 73.5 2399.5 73.5 2460.0 2533.5 0.2606 8.4639 8.7245 
0.003 24.1 0.001003 45.67 1010 2408.5 101.0 2444.5 2545.5 0.3544 8.2240 8.5784 
0.004 29.0 0.001004 34.80 121.4 2415.2 121. 2433.0 25544 0.4225 8.0529 8.4754 
0.006 36.2 0.001006 23.74 1515 24249 151.5 2415.9 2567.4 0.5208 7.8104 8.3312 
0.008 41.5 0.001008 18.10 1739 2432.1 173.9 2403.1 2577.0 0.5924 7.6371 8.2295 
0.01 45.8 0.001010 14.67 191.8 2437.9 191.8 2392.8 2584.6 0.6491 7.5019 8.1510 
0.012 49.4 0.001012 12.36 206.9 2442.7 206.9 2384.1 2591.0 0.6961 7.3910 8.0871 
0.014 52.6 0.001013 10.69 220.0 2446.9 220.0 2376.6 2596.6 0.7365 7.2968 8.0333 
0.016 55.3 0.001015 9.433 231.5 2450.5 231.5 2369.9 2601.4 0.7719 7.2149 7.9868 
0.018 57.8 0.001016 8.445 241.9 2453.8 241.9 2363.9 2605.8 0.8034 7.1425 7.9459 
0.02 60.1 0.001017 7.649 2514 2456.7 251. 2358.3 2609.7 0.8319 7.0774 7.9093 
0.03 69.1 0.001022 5.229 289.2 2468.4 289.2 2336.1 2625.3 0.9439 6.8256 7.7695 
0.04 75.9 0.001026 3.993 317.5 24770 317.6 2319.1 2636.7 1.0260 6.6449 7.6709 
0.06 85.9 0.001033 2.732 359.8 2489.6 359.8 2293.7 2653.5 1.1455 6.3873 7.5328 
0.08 93.5 0.001039 2.087 391.6 2498.8 391.6 2274.1 2665.7 1.2331 6.2023 7.4354 
0.1 99.6 0.001043 1.694 417.3 2506.1 417.4 2258.1 2675.5 1.3029 6.0573 7.3602 
0.12 104.8 0.001047 1.428 439.2 2512.1 439.3 22442 2683.5 1.3611 5.9378 7.2980 
0.14 109.3 0.001051 1.237 458.2 2517.3 458.4 2232.0 26904 1.4112 5.8360 7.2472 
0.16 113.3 0.001054 1.091 475.2 2521.8 475.3 2221.2 2696.5 1.4553 5.7472 7.2025 
0.18 116.9 0.001058 0.9775 490.5 2525.9 490.7 2211.1 2701.8 1.4948 5.6683 7.1631 
0.2 120.2 0.001061 0.8857 504.5 2529.5 504.7 2201.9 2706.6 1.5305 5.5975 7.1280 
0.3 133.5 0.001073 0.6058 5611 2543.6 561.5 2163.8 2725.3 1.6722 5.3205 6.9927 
0.4 143.6 0.001084 0.4625 604.3 2553.6 604.7 2133.8 2738.5 1.7770 5.1197 6.8967 
0.6 158.9 0.001101 0.3157 669.9 2567.4 670.6 2086.2 2756.8 1.9316 4.8293 6.7609 
0.8 170.4 0.001115 0.2404 720.2 25768 7211 2048.0 2769.1 2.0466 4.6170 6.6636 
1 179.9 0.001127 0.1944 761.7 2583.6 7628 20153 27781 2.1391 4.4482 6.5873 
1.2 188.0 0.001139 0.1633 797.3 2588.8 798.6 1986.2 2784.8 2.2170 4.3072 6.5242 
1.4 195.1 0.001149 0.1408 828.7 2592.8 8303 1959.7 2790.0 2.2847 4.1854 6.4701 
1.6 201.4 0.001159 0.1238 856.9 2596.0 858.8 1935.2 2794.0 2.3446 4.0780 6.4226 
1.8 207.2 0.001168 0.1104 882.7 2598.4 884.8 1912.3 2797.1 2.3986 3.9816 6.3802 
2 212.4 0.001177 0.09963 9064 2600.3 908.8 1890.7 2799.5 2.4478 3.8939 6.3417 
3 233.9 0.001216 0.06668 10048 2604.1 1008.4 1795.7 2804.1 2.6462 3.5416 6.1878 
4 250.4 0.001252 0.04978 10823 2602.3 1087.3 17141 2801.4 2.7970 3.2739 6.0709 
6 275.6 0.001319 0.03244 1205.4 2589.7 1213.3 1571.0 2784.3 3.0273 2.8627 5.8900 
8 295.1 0.001384 0.02352 1305.6 2569.8 1316.6 14414 2758.0 3.2075 2.5365 5.7440 
10 311.1 0.001452 0.01803 13930 2544.4 1407.6 13171 27247 3.3603 2.2546 5.6149 
12 324.8 0.001527 0.01426 14729 2513.7 1491.3 1193.6 2684.9 3.4970 1.9963 5.4933 
14 336.8 0.001611 0.01149 15486 2476.8 15711 1066.5 2637.6 3.6240 1.7486 5.3726 
16 347.4 0.001711 0.009307 16227 2431.8 1650.0 9307 2580.7 3.7468 1.4996 5.2464 
18 357.1 0.001840 0.007491 1698.9 2374.4 1732.0 777.2 2509.2 3.8722 1.2332 5.1054 
20 365.8 0.002036 0.005836 1785.6 2293.2 1826.3 583.7 2410.0 4.0146 0.9135 4.9281 
22.088 374.136 0.003155 0.003155 2029.6 2029.6 2099.3 0.0 2099.3 4.4305 0.0000 4.4305 


Sources: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969; G. J. Van Wylen and R. E. Sonntag, Fundamentals of 
Classical Thermodynamics, Wiley, New York, 1973. 
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Table C-3 Superheated Steam (T in °C, v in m*/kg, и and h in kJ/kg, s in kJ/kg-K) 


T v u h 5 v и һ 5 v u h 5 


Р = 0.010 MPa (45.81 °C) Р = 0.050 MPa (81.33 °C) Р = 0.10 MPa (99.63 °C) 


Sat 14.674 2437.9 25847 8.1502 3.240 2483.9 2645.9 7.5939 1.6940 2506.1 2675.5 7.3594 
50 14.869 2443.9 2592.6 8.1749 
100 17.196 2515.5 26875 8.4479 3.418 2511.6 26825 7.6947 1.6958 25067 2676.2 7.3614 
150 19.512 25870 2783.0 8.6882 3.889 2585.6 2780.1 7.9401 1.9364 2582.8 27764 7.6134 
200 21.825 26613 2879.5 8.9038 4.356 2659.9 28777 8.1580 2.172 2658.1 28753 7.8343 
250 24.136 2736.0 29773 9.1002 4.820 2735.0 2976.0 8.3556 2.406 27337 2974.3 8.0333 
300 26.445 28121 3076.5 92813 5.284 2811.3 3075.5 8.5373 2.639 28104 30743 8.2158 
400 31.063 2968.9 3279.6 9.6077 6.209 2968.5 32780 8.8642 3103 2967.9 3278.2 8.5435 
500 35.679 3132.3 34891 9.8978 7.134 3132.0 34887 9.1546 3.565 31316 34831 8.8342 
600 40.295 3302.5 3705.4 10.1608 8.057 3302.2 37051 9.4178 4.028 33019 37047 9.0976 
700 44.911 3479.6 3928.7 10.4028 8.981 3479.4 3928.5 9.6599 4.490 3479.2 3928.2 9.3398 
800 49.526 3663.8 4159.0 10.6281 9.904 3663.6 4158.9 9.8852 4.952 3663.5 4158.6 9.5652 
900 54.141 3855.0 4396.4 10.8396 10.828 3854.9 4396.3 10.0967 5.414 38548 4396.1 9.7767 
1000 58.757 4053.0 4640.6 11.0393 11.751 4052.9 4640.5 10.2964 5.875 4052.8 4640.3 9.9764 
1100 603.372 4257.5 4891.2 11.2287 12.674 4257.4 4891.1 10.4859 6.337 4257.3 4891.0 10.1659 
1200 67.987 44670 5147.8 11.4091 13.597 4467.8 5147.7 10.6662 6.799 44677 5147.6 10.3463 
1300 72.602 46837 5409.7 11.5811 14.521 4683.6 5409.6 10.8382 7.260 4683.5 5409.5 10.5183 


P = 0.20 MPa (120.23 °C) P = 0.30 MPa (133.55 °C) P = 0.40 MPa (143.63? C) 


Sat. 8857 2529.5 27067 7.1272 .6058 2543.6 2725.3 6.9919  .4625 2553.6 27386 6.8959 
150 .9596 25760 2768.8 7.2795 .6339 2570.8 2761.0 7.0778 .4708 2564.5 2752.8 6.9299 
200 1.0803 2654.4 2870.5 7.5066  .7163 2650.7 2865.6 7.3115  .5342 2646.8 2860.5 7.1706 
250 1.1988 2731.2 2971.0 7.7086 .7964 2728.7 2967.6 7.5166  .5951 27261 2964.2 7.3789 
300 1.3162 2808.6 3071.8 7.8926  .8753 2806.7 3069.3 7.7022  .6548 2804.8 3066.8 7.5662 
400 1.5493 29667 3276.6 8.2218 1.0315 2965.6 3275.6 8.0330 .7726 2964.4 32734 7.8985 
500 1.7814 3130.8 34871 8.5133 1.1867 3130.0 3486.0 8.3251 .8803 3129.2 3484.9 8.1913 
600 2.013 33014 3704.0 8.7770 1.3414 3300.8 37032 8.5892 1.0055 3300.2 3702.4 8.4558 
700 2.244 3478.8 3927.6 9.0194 1.4957 3478.4 39271 8.8319 1.1215 3477.9 3926.5 8.6987 
800 2.475 3663.1 4158.2 9.2449 1.6499 3662.9 4157.8 9.0576 1.2372 3662.4 4157.3 8.9244 
900 2.706 3854.5 4395.8 9.4566 1.8041 3854.2 4395.4 9.2692 1.3529 3853.9 4395.1 9.1362 

1000 2.937 4052.5 46400 9.6563 1.9581 4052.3 4639.7 9.4690 1.4685 4052.0 4639.4 9.3360 

1100 3.168 4257.0 4890.7 9.8458 2.1121 4256.5 4890.4 9.6585 1.5840 4256.5 48902 9.5256 

1200 3.399 4467.5 5147.3 10.0262 2.2661 4467.2 5147.1 9.8389 1.6996 4467.0 5146.8 9.7060 

1300 3.630 4683.2 5409.3 10.1982 2.4201 4683.0 5409.0 10.0110 1.8151 4682.8 5408.8 9.8780 


P = 0.50 MPa (151.86?C) P = 0.60 MPa (158.85 °C) P = 0.80 MPa (170.43 °C) 


Sat. .3749 2561.2 27487 6.8213 13157 2567.4 2756.8 6.7600 2404 2576.8 27691 6.6628 
200 .4249 2642.9 2855.4 7.0592 13520 2638.9 2850.1 6.9665 2608 2630.6 28393 6.8158 
250  .4744 2723.5 29607 7.2709 3938 2720.9 29572 7.1816 2931 2715.5 2950.0 7.0384 
300 .5226 2802.9 3064.2 7.4599 .4344 2801.0 3061.6 7.3724 3241 2797.2 3056.5 7.2328 
350 .5701 2882.6 31677 7.6329 (4742 2881.2 3165.7 7.5464 3544 28782 31617 7.4089 
400 .6173 29632 32710 7.7938 5137 29621 3270.3 7.7079 .3843 29597 32671 7.5716 
500 .7109 31284 34839 8.0873 5920 3127.6 3482.8 8.0021 .4433 31260 3480.6 7.8673 
600  .8041 3299.6 3701.7 8.3522 .6697 3299.1 3700.9 8.2674 .5018 32970 36994 8.1333 
700  .8969 3477.5 39250 8.5952 7472 3477.0 3925.3 8.5107 .5601 3476.2 39242 8.3770 
800 .9896 3662.1 4156.9 8.8211 .8245 3661.8 4156.5 8.7367 .6181 3661.1 4155.6 8.6033 
900 1.0822 3853.6 43947 9.0329 .9017 38534 43944 8.9486 .6761 38528 4393.7 8.8153 

1000 1.1747 4051.8 4639.1 9.2328 .9788 4051.5 4638.8 9.1485 7340 40510 4638.2 9.0153 

1100 1.2672 4256.3 4889.9 9.4224 1.0559 4256.1 4889.6 9.3381 7919 4255.6 48891 9.2050 

1200 1.3596 4466.8 5146.6 9.6029 1.1330 4466.5 5146.3 9.5185 .8497 4466.1 5145.9 9.3855 

1300 1.4521 4682.5 5408.6 9.7749 1.2101 4682.3 5408.3 9.6906 9076 4681.8 54070 9.5575 
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Table C-3 (Continued) 
T v и h 5 v и h 5 v и h 5 
Р = 1.00 MPa (179.91 °C) Р = 1.20 МРа (187.99 °С) Р = 1.40 MPa (195.07 °С) 

Sat .19 444 2583.6 2778.1 6.5865 .163 33 2588.8 2784.8 6.5233 .140 84 2592.8 2790.0 6.4693 
200 .2060 2621.9 2827.9 6.6940 .16930 2612.8 2815.9 6.5898 .14302 2603.1 2803.3 6.4975 
250 .2327 2709.9 2942.6 6.9247 .19234 2704.2 2935.0 6.8294 .16350 26983 2927.2 6.7467 
300 .2579 2793.2 3051.2 7.1229 .2138 2789.2 3045.8 7.0317 .18228 2785.2 3040.4 6.9534 
350 .2825 2875.2 23157.7 7.3011 .2345 28722 3153.6 7.2121 .2003 2869.2 3149.5 7.1360 
400 .3066 2057.3 3263.9 7.4651 .2548 2954.9 3260.7 7.3774 .2178 2052.5 3257.5 7.3026 
500 .3541 3124.4 3478.5 7.7622 .2946 3122.8 3476.3 7.6759 2521 3321.1 3474.1 7.6027 
600 .4011 3296.8 3697.9 8.0290 .3339 3295.6 3696.3 7.9435 .2860 3294.4 3694.8 7.8710 
700 .4478 3475.3 3923.1 82731 .3729 3474.4 39220 8.1881 .3195 3473.6 3920.8 8.1160 
800 .4943 3660.4 41547 8.4996 .4118 3659.7 4153.8 8.4148 .3528 3659.0 4153.0 8.8431 
900 .5407 3852.2 4392.9 8.7118 .4505 3851.6 4392.2 8.6272 3861 3851.1 4391.5 8.5556 

1000 .5871 4050.5 4637.6 8.9119 .4892 4050.0 4637.0 8.8274  .4192 4049.5 4636.4 8.7559 

1100 .6335 4255.1 4888.6 9.1017 .5278 4254.6 4888.0 9.0172 .4524 4254.1 4887.5 8.9457 

1200 .6798 4465.6 5145.4 9.2822 .5665 4465.1 5144.9 9.1977 .4855 4464.7 5144.4 9.1262 

1300 .7261 4681.3 5407.4 9.4543 .6051 4680.9 5407.0 9.3698 .5186 4680.4 5406.5 9.2984 

P = 1.60 MPa (201.41 °C) Р = 1.80 MPa (207.15 °C) Р = 1.80 MPa (207.15 °С) 

Sat. .123 80 2596.0 2794.0 64218 .11042 2598.4 2797.1 6.3794 .099 63 2600.3 2799.5 6.3409 
225 13287 26447 2857.3 6.5518 .136 73 2636.6 28467 6.4808 .10377 2628.3 2835.8 6.4147 
250 .14184 26923 2919.2 6.6732 .12497 2686.0 2911.0 6.6066 .11144 2679.6 2902.5 6.5453 
300 .15862 2781.1 3034.8 6.8844 14021 2776.9 3029.2 6.8226 .12547 2772.6 3023.5 6.7664 
350 .17456 28661 3145.4 7.0694 .15457 2863.0 3141.2 7.0100 .138 57 2859.8 3137.0 6.9563 
400 .19005 2950.1 3254.2 7.2374 .168 47 29477 3250.9 7.1794 .15120 29452 3247.6 7.1271 
500 .2203 3119.5 3472.0 7.5390 .195 50 31179 3469.8 7.4825 .175 68 3116.2 3467.6 7.4317 
600 .2500 3293.3 3693.2 7.8080 .2220 3292.1 3691.7 7.7523 .199 60 3290.9 3690.1 7.7024 
700 .2794 24727 3919.7 8.0535 .2482 3471.8 3918.5 7.9983  .2232 3470.9 3917.4 7.9487 
800 .3086 3658.3 41521 8.2808 .2742 3657.6 41512 8.2258 2.2467 3657.0 4150.3 8.1765 
900 .3377 3850.5 4390.8 8.4935 .3001 3849.9 43901 8.4386  .2700 3849.3 4389.4 8.3895 

1000 .5668 4049.0 4635.8 8.6938 .3260 4048.5 4635.2 8.6391  .2933 4048.0 4634.6 8.5901 

1100 .3958 42537 4887.0 8.8827 .3518 4253.2 4886.4 8.8290 .3166 42527 4885.9 8.7800 

1200 .4248 4464.2 5143.9 9.0643 .3776 44637 5143.4 9.0096 .3398 4463.3 5142.9 8.9607 

1300 .4538 4679.9 5406.0 9.2364 .4034 4679.5 5405.6 9.1818  .3631 4679.0 5405.1 9.1329 

Р = 2.50 MPa (233.99 °C) P = 3.00 MPa (233.90 °C) Р = 3.50 MPa (242.60? C) 

Sat .079 98 2603.1 2803.1 6.2575 .06668 26041 2804.2 6.1869 .05707 26037 2803.4 6.1253 
225 .08027 2605.6 2806.3 6.2639 
250 .08700 2662.6 2880.1 6.4085 .070 58 2644.0 2855.8 6.2872 .058 72 26237 2829.2 6.1749 
300 .09890 2761.6 3008.8 6.6438 .08114 2750.1 2993.5 6.5390 .068 42 2738.0 2977.5 6.4461 
350 .109 76 28519 3126.3 6.8403 .090 53 28437 3115.3 6.7428  .076 78 2835.3 3104.0 6.6579 
400 .12010 2939.1 32393 7.0148 .09936 2932.8 3230.9 6.9212 .08453 29264 3222.3 6.8405 
450 .13014 3025.5 3350.8 7.1746 .107 87 3020.4 3344.0 7.0834 .09196 3015.3 3337.2 7.0052 
500 .13998 31121 3462.1 7.3234 11619 3108.0 3456.5 7.2338 .099 18 3103.0 3450.9 7.1572 
600 .15930 3288.0 3686.3 7.5960 .132 43 3285.0 36823 7.5085 .113 24 3282.1 3678.4 7.4339 
700 .17832 3468.7 3914.5 7.8435 .148 38 3466.5 39117 7.7571 .12699 3464.3 3908.8 7.6837 
800 .19716 3655.3 4148.2 8.0720 .16414 3653.5 4145.9 7.9862 .14056 3651.8 41437 7.9134 
900 .21590 3847.9 4387.6 8.2853 .179 80 3846.5 4385.9 8.1999 .154 02 3845.0 4384.1 8.1276 

1000 .2346 4046.7 4633.1 8.4861 .19541 4045.4 46316 8.4009 .167 43 40441 4630.1 8.3288 

1100 .2532 4251.5 4884.6 8.6762 .21098 4250.3 4883.3 8.5912 .180 80 42492 4881.9 8.5192 

1200 .2718 4462.1 51417 8.8569 .226 52 4460.9 5140.5 8.7720 .19415 4459.8 51393 8.7000 

1300 .2905 4677.8 5404.0 9.0291 .24206 4676.6 5402.8 8.9442 .20749 4675.5 5401.7 8.8723 
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и 


h 


v 


и 


һ 


и 


Р = 4.0 МРа (250.40°С) 


Р = 4.5 МРа (257.49°С) 


Р = 5.0 МРа (263.99°С) 


.049 78 
.054 57 
.058 84 
.066 45 
.073 41 
.080 02 
.086 43 
.098 85 
.110 95 
.122 87 
.134 69 
.146 45 
.158 17 
.169 87 
.181 56 


2602.3 
2667.9 
2725.3 
2826.7 
2919.9 
3010.2 
3099.5 
3279.1 
3462.1 
3650.0 
3843.6 
4042.9 
4248.0 
4458.6 
4674.3 


2801.4 
2886.2 
2960.7 
3092.5 
3213.6 
3330.3 
3445.3 
3674.4 
3905.9 
4141.5 
4382.3 
4628.7 
4880.6 
5138.1 
5400.5 


6.0701 
6.2285 
6.3615 
6.5821 
6.7690 
6.9363 
7.0901 
7.3688 
7.6198 
7.8502 
8.0647 
8.2662 
8.4567 
8.6376 
8.8100 


.044 06 
.047 30 
.051 35 
.058 40 
.064 75 
.070 74 
.076 51 
.087 65 
.098 47 
.109 11 
.119 65 
.130 13 
.140 56 
.150 98 
.161 39 


2600.1 
2650.3 
2712.0 
2817.8 
2913.3 
3005.0 
3095.3 
3276.0 
3459.9 
3648.3 
3842.2 
4041.6 
4246.8 
4457.5 
4673.1 


2798.3 
2863.2 
2943.1 
3080.6 
3204.7 
3323.3 
3439.6 
3670.5 
3903.0 
4139.3 
4380.6 
4627.2 
4879.3 
5136.9 
5399.4 


6.0198 
6.1401 
6.2828 
6.5131 
6.7047 
6.8746 
7.0301 
7.3110 
7.5631 
7.1942 
8.0091 
8.2108 
8.4015 
8.5825 
8.7549 


.039 44 
.041 41 
.045 32 
.051 94 
.057 81 
.063 30 
.068 57 
.078 69 
.088 49 
.098 11 
.107 62 
.117 07 
.126 48 
.135 87 
.145 26 


2597.1 
2631.3 
2698.0 
2808.7 
2906.6 
2999.7 
3091.0 
3273.0 
3457.6 
3646.6 
3840.7 
4040.4 
4245.6 
4456.3 
4672.0 


2794.3 
2838.3 
2924.5 
3068.4 
3195.7 
3316.2 
3433.8 
3666.5 
3900.1 
4137.1 
4378.8 
4625.7 
4878.0 
5135.7 
5398.2 


5.9734 
6.0544 
6.2084 
6.4493 
6.6459 
6.8186 
6.9759 
7.2589 
7.5122 
7.1440 
7.9593 
8.1612 
8.3520 
8.5331 
8.7055 


P = 6.0 MPa (275.64? C) 


Р = 7.0 MPa (285.88 °C) 


P = 8.0 MPa (295.06 °C) 


.032 44 
.036 16 
.042 23 
.047 39 
.052 14 
.056 65 
.061 01 
.065 25 
.073 52 
.081 60 
.089 58 
.097 49 
.105 36 
.11321 
.121 06 


2589.7 
2667.2 
2789.6 
2892.9 
2988.9 
3082.2 
3174.6 
3266.9 
3453.1 
3643.1 
3837.8 
4037.8 
4243.3 
4454.0 
4669.6 


2784.3 
2884.2 
3043.0 
3177.2 
3301.8 
3422.2 
3540.6 
3658.4 
3894.2 
4132.7 
4375.3 
4622.7 
4875.4 
5133.3 
5396.0 


5.8892 
6.0674 
6.3335 
6.5408 
6.7193 
6.8803 
7.0288 
7.1677 
7.4234 
7.6566 
7.8727 
8.0751 
8.2661 
8.4474 
8.6199 


.027 37 
‚029 47 
‚035 24 
.039 93 
.044 16 
.048 14 
.051 95 
.055 65 
.062 83 
.069 81 
.076 69 
.083 50 
.090 27 
.097 03 
.103 77 


2580.5 
2632.2 
2769.4 
2878.6 
2978.0 
3073.4 
3167.2 
3260.7 
3448.5 
3639.5 
3835.0 
4035.3 
4240.9 
4451.7 
4667.3 


2772.1 
2838.4 
3016.0 
3158.1 
3287.1 
3410.3 
3530.9 
3650.3 
3888.3 
4128.2 
4371.8 
4619.8 
4872.8 
5130.9 
5393.7 


5.8133 
3.9305 
6.2283 
6.4478 
6.6327 
6.7975 
6.9486 
7.0894 
7.3476 
7.5822 
7.7991 
8.0020 
8.1933 
8.3747 
8.5473 


.023 52 
.024 26 
.029 95 
.034 32 
.038 17 
.041 75 
.045 16 
.048 45 
.054 81 
.060 97 
.067 02 
.073 01 
.078 96 
.084 89 
.090 80 


2569.8 
2590.9 
2747.7 
2863.8 
2966.7 
3064.3 
3159.8 
3254.4 
3443.9 
3636.0 
3832.1 
4032.8 
4238.6 
4449.5 
4665.0 


2758.0 
2785.0 
2987.3 
3138.3 
3272.0 
3398.3 
3521.0 
3642.0 
3882.4 
4123.8 
4368.3 
4616.9 
4870.3 
5128.5 
5391.5 


5.7432 
5.7906 
6.1301 
6.3634 
6.5551 
6.7240 
6.8778 
7.0206 
7.2812 
7.5173 
7.7351 
7.9384 
8.1300 
8.3115 
8.4842 


Р = 9.0 MPa (303.40 °C) 


Р = 10.0 MPa (311.06 °C) 


Р = 12.5 MPa (327.89 °C) 


.020 48 
.023 27 
.025 80 
.029 93 
.033 50 
.036 77 
.039 87 
.042 85 
.045 74 
.048 57 
.054 09 
.059 50 
.064 85 
.070 16 
.075 44 
.080 72 


2557.8 
2646.6 
2724.4 
2848.4 
2955.2 
3055.2 
3152.2 
3248.1 
3343.6 
3439.3 
3632.5 
3829.2 
4030.3 
4236.3 
4447.2 
4662.7 


2742.1 
2856.0 
2956.6 
3117.8 
3256.6 
3336.1 
3511.0 
3633.7 
3755.3 
3876.5 
4119.3 
4364.3 
4614.0 
4867.7 
5126.2 
5389.2 


5.6772 
5.8712 
6.0361 
6.2854 
6.4844 
6.6576 
6.8142 
6.9589 
7.0943 
7.2221 
7.4596 
7.6783 
7.8821 
8.0740 
8.2556 
8.4284 


.018 026 2544.4 
.019 861 2610.4 
.022 42 2699.4 
.02641 2832.4 
.029 75 2943.4 
.032 79 3045.8 
.035 64 3144.6 
.038 37 3241.7 
04101 3338.2 
.043 58 3434.7 
.048 59 3628.9 
.053 49 3826.3 
.058 32 4027.8 
06312 4234.0 
.067 89 4444.9 
072 65 4460.5 


2724.7 
2809.1 
2923.4 
3096.5 
3240.9 
3373.7 
3500.9 
3625.3 
3748.2 
3870.5 
4114.8 
4361.2 
4611.0 
4865.1 
5123.8 
5387.0 


5.6141 
5.7568 
5.9443 
6.2120 
6.4190 
6.5966 
6.7561 
6.9029 
7.0398 
7.1687 
7.4077 
7.6272 
7.8315 
8.0237 
8.2055 
8.3783 


.013 495 


.016 126 
.020 00 
.022 99 
.025 60 
.028 01 
.030 29 
.032 48 
.034 60 
.038 69 
.042 67 
.046 58 
.050 45 
.054 30 
.058 13 


2505.1 


2624.6 
2789.3 
2912.5 
3021.7 
3125.0 
3225.4 
3324.4 
3422.9 
3620.0 
3819.1 
4021.6 
4228.2 
4439.3 
4654.8 


2673.8 


2826.2 
3039.3 
3199.8 
3341.8 
3475.2 
3604.0 
3730.4 
3855.3 
4103.6 
4352.5 
4603.8 
4858.8 
5118.0 
5381.4 


5.4624 


5.7118 
6.0417 
6.2719 
6.4618 
6.6290 
6.7810 
6.9218 
7.0536 
7.2965 
7.5182 
7.7237 
7.9165 
8.0987 
8.2717 
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Table C-3 (Continued) 
T v и h 5 v и h 5 v и h 5 
Р- 15.0 MPa (342.24°C) Р = 17.5 MPa (354.75°C) Р = 20.0 МРа (365.81°С) 
Sat. .010 337 2455.5 2610.5 5.3098 .0079 20 2390.2 2528.8 5.1419 .005 834 2293.0 2409.7 4.9269 
350 .011470 2520.4 2692.4 5.4421 
400 .015649 2740.7 2975.5 5.8811 .012447 2685.0 2902.9 5.7213 .009942 2619.3 2818.1 5.5540 
450 .018 445 2879.5 3156.2 6.1404 .015174 2844.2 3109.7 6.0184 .012695 2806.2 3060.1 5.9017 
500 .020 80 2996.6 3308.6 6.3443 .017 358 2970.3 3274.1 6.2383 .014 768 2942.9 3238.2 6.1401 
550 .022 93 3104.7 3448.6 6.5199 .019288 3083.9 3421.4 6.4230 .016555 3062.4 3393.5 6.3348 
600 .02491 3208.6 3582.3 6.6776 .021 06 3191.5 3560.2 6.5866 .018178 3174.0 3537.6 6.5048 
650 .026 80 3310.3 3712.3 6.8224 .022 74 3296.0 3693.9 6.7357 .019 693 3281.4 3675.3 6.6582 
700 .028 61 3410.9 3840.1 6.9572 .02434 3398.7 3824.6 6.8736 .021 13 3386.4 3809.0 6.7993 
800 .032 10 3610.9 4092.4 7.2040 .027 38 3601.8 4081.1 7.1244 .023 85 3592.7 4069.7 7.0544 
900 .035 46 3811.9 4343.8 7.4279 .03031 3804.7 4335.1 7.3507 .026 45 3797.5 4326.4 7.2830 
1000 .038 75 4015.4 4596.6 7.6348 .033 16 4009.3 4589.5 7.5589 .028 97 4003.1 4582.5 7.4925 
1100 .042 00 4222.6 4852.6 7.8283 .03597 4216.9 4846.4 7.7531 .03145 4211.3 4840.2 7.6874 
1200 .045 23 4433.8 5112.3 8.0108 .038 76 4428.3 5106.6 7.9360 .03391 4422.8 5101.0 7.8707 
1300 .048 45 4649.1 5376.0 8.1840 .041 54 4643.5 5370.5 8.1093 .036 36 4638.0 5365.1 8.0442 
Р = 25.0 MPa Р = 30.0 МРа Р = 40.0 МРа 
375 .001 9731 1798.7 1848.0 4.0320 .001 7892 1737.8 1791.5 3.9305 .001 6407 1677.1 1742.8 3.8290 
400 .006004 2430.1 2580.2 5.1418 .002790 2067.4 2151.1 4.4728 .0019077 1854.6 1930.9 4.1135 
425 .007 881 2609.2 2806.3 5.4723 .005 303 2455.1 2614.2 5.1504 .002532 2096.9 2198.1 4.5029 
450 .009 162 2720.7 2949.7 5.6744 .006 735 2619.3 2821.4 5.4424 .003 693 2365.1 2512.8 4.9459 
500 .011123 2884.3 3162.4 5.9592 .008678 2820.7 3081.1 5.7905 .005622 2678.4 2903.3 5.4700 
550 .012 724 3017.5 3335.6 6.1765 .010 168 2970.3 3275.4 6.0342 .006 984 2869.7 3149.1 5.7785 
600 .014137 3137.9 3491.4 6.3602 .011 446 3100.5 3443.9 6.2331 .008 094 3022.6 3346.4 6.0114 
650 .015 433 3251.6 3637.4 6.5229 .012 596 3221.0 3598.9 6.4058 .009 063 3158.0 3520.6 6.2054 
700 .016646 3361.3 3777.5 6.6707 .013 661 3335.8 3745.6 6.5606 .009 941 3283.6 3681.2 6.3750 
800 .018912 3574.3 4047.1 6.9345 .015 623 3555.5 4024.2 6.8332 .011523 3517.8 3978.7 6.6662 
900 .021045 3783.0 4309.1 7.1680 .017448 3768.5 4291.9 7.0718 .012962 3739.4 4257.9 6.9150 
1000 .023 10 3990.9 4568.5 7.3802 .019196 3978.8 4554.7 7.2867 .014324 3954.6 4527.6 7.1356 
1100 .025 12 4200.2 4828.2 7.5765 .020 903 4189.2 4816.3 7.4845 .015642 4167.4 4793.1 7.3364 
1200 .027 11 4412.0 5089.9 7.7605 .022 589 4401.3 5079.0 7.6692 .016 940 4380.1 5057.7 7.5224 
1300 .029 10 4626.9 5354.4 7.9342 .024266 4616.0 5344.0 7.8432 .018 229 4594.3 5323.5 7.6969 


Sources: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969; G. J. Van Wylen and R. E. Sonntag, Fundamentals of 
Classical Thermodynamics, Wiley, New York, 1973. 
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Table C-4 Compressed Liquid 


[APP. C 


80 
100 
120 
140 
160 
180 
200 
240 
280 
320 
360 


Р = 5 MPa (263.99°C) 


Р = 10 МРа (311.06°С) 


Р = 15 МРа (342.42°С) 


v и h 5 


v u 


h 


v u h 


0.000 997 7 0.04 5.04 0.0001 
0.000 9995 83.65 88.65 0.2956 
0.001 0056 166.95 171.97 0.5705 
0.001 0149 250.23 255.30 0.8285 
0.001 026 8 333.72 338.85 1.0720 
0.001 0410 417.52 422.72 1.3030 
0.001 0576 501.80 507.09 1.5233 
0.001 076 8 586.76 592.15 1.7343 
0.001 098 8 672.62 678.12 1.9375 
0.001 1240 759.63 765.25 2.1341 
0.001 1530 848.1 853.9 2.3255 
0.001 1866 938.4 944.4 2.5128 
0.001 226 4 1031.4 1037.5 2.6979 
0.001 2749 1127.9 1134.3 2.8830 


0.000 9952 0.09 
0.000 9972 83.36 
0.001 003 4 166.35 
0.001 0127 249.36 
0.001 0245 332.59 
0.001 0385 416.12 
0.001 0549 500.08 
0.001 0737 584.68 
0.001 095 3 670.13 
0.001 119 9 756.65 
0.001 1480 844.5 

0.001 180 5 934.1 


10.04 

93.33 
176.38 
259.49 
342.83 
426.50 
510.64 
595.42 
681.08 
767.84 
856.0 
945.9 


0.001 218 7 1026.0 1038.1 
0.001 264 5 1121.1 1133.7 


0.000 9928 0.15 15.05 
0.000 9950 83.06 97.99 
0.001 0013 165.76 180.78 
0.001 0105 248.51 263.67 
0.001 0222 331.48 346.81 
0.001 0361 414.74 430.28 
0.001 0522 498.40 514.19 
0.001 0707 582.66 598.72 
0.001 091 8 667.71 684.09 
0.001 115 9 753.76 770.50 
0.001 1433 8410 858.2 

0.001 1748 9299 947.5 

0.001 211 4 1020.8 1039.0 

0.001 25501114.6 1133.4 


Р = 20 MPa (365.81°C) 


Р = 30 МРа 


Р = 50 MPa 


v и h $ 


v u 


h 


v u h 


0.000 990 4 0.19 20.01 0.0004 
0.000 9928 82.77 102.62 0.2923 
0.000 9992 165.17 185.16 0.5646 
0.001 008 4 247.68 267.85 0.8206 
0.001 0199 330.40 350.80 1.0624 
0.001 0337 413.39 434.06 1.2917 
0.001 0496 496.76 517.76 1.5102 
0.001 067 8 580.69 602.04 1.7193 
0.001 0885 665.35 687.12 1.9204 
0.0011120 750.95 773.20 2.1147 
0.001 1388 8377 860.5 2.3031 
0.001 2046 1016.0 1040.0 2.6674 
0.001 296 5 1204.7 1230.6 3.0248 
0.001 4437 1415.7 1444.6 3.3979 
0.001 8226 1702.8 1739.3 3.8772 


0.000 9856 0.25 
0.000 988 6 82.17 
0.000 995 1 164.04 
0.001 004 2 246.06 
0.001 015 6 328.30 
0.001 029 0 410.78 
0.001 044 5 493.59 
0.001 062 1 576.88 
0.001 082 1 660.82 
0.001 1047 745.59 
0.001 1302 831.4 


29.82 
111.84 
193.89 
276.19 
358.77 
441.66 
524.93 
608.75 
693.28 
778.73 
865.3 


0.001 192 0 1006.9 1042.6 
0.001 275 5 1190.7 1229.0 
0.001 399 7 1390.7 1432.7 
0.001 626 5 1626.6 1675.4 


0.0001 
0.2899 
0.5607 
0.8154 
1.0561 
1.2844 
1.5018 
1.7098 
1.9096 
2.1024 
2.2893 
2.6490 
2.9986 
3.3539 
3.7494 


0.000 976 6 0.20 49.03 
0.000 9804 81.00 130.02 
0.000 9872 161.86 211.21 
0.000 9962 242.98 292.79 
0.001 0073 324.34 374.70 
0.001 0201 405.88 456.89 
0.001 034 8 487.65 539.39 
0.001 0515 569.77 622.35 
0.001 0703 652.41 705.92 
0.001 0912 735.69 790.25 
0.001 1146 819.7 875.5 
0.001 1702 990.7 1049.2 
0.001 241 5 1167.2 1229.3 
0.001 338 8 1353.3 1420.2 
0.001 483 8 1556.0 1630.2 


0.0014 
0.2848 
0.5527 
0.8052 
1.0440 
1.2703 
1.4857 
1.6915 
1.8891 
2.0794 
2.2634 
2.6158 
2.9537 
3.2868 
3.6291 


Sources: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969; G. J. Van Wylen and R. E. Sonntag, Fundamentals of 
Classical Thermodynamics, Wiley, New York, 1973. 
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Table C-5 Saturated Solid—Vapor 


Volume, m?/kg Energy, kJ/kg Enthalpy, kJ/kg Entropy, kJ/kg.K 

Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 

Solid Vapor Solid Subl. Vapor Solid Subl. Vapor Solid Subl. Vapor 
Т,°С P,kPa v,x 10? v, и, и, и, һ, hig h, 5; Sig 5, 


0.01 0.6113 1.0908 206.1 -33340 2708.7 2375.3 -333.40 2834.8 2501.4 -1.221 10.378 9.156 
0 0.6108 1.0908 2063 -333.43 2708.8 2375.3 -333.43 2834.8 2501.3 -1.221 10.378 9.157 
-2 0.5176 1.0904 2417 -337.62 2710.2 2372.6 -337.62 2835.3 24977 -1237 10.456 9.219 
-4 0.4375 1.0901 283.8 -34178 2711.6 2369.8 -341.78 2835.7 2494.0 -1.253 10.536 9.283 
-6 0.3689 1.0898 334.2 -345.01 2712.9 2367.0 -345.91 2836.2 2490.3 -1.268 10.616 9.348 
-8 0.3102 1.0894 3944 -350.02 2714.2 2364.2 -350.02 2836.6 2486.6 -—1.284 10.698 9.414 
-10 0.2602 1.0891 4667 -354.09 2715.5 2361.4 -354.09 3837.0 2482.9 -1299 10.781 9.481 
-12 0.2176 1.0888 5537 358.14 2716.8 2358.7 -358.14 2837.3 2479.2 -1.315 10.865 9.550 
-14 0.1815 1.0884 658.8 -362.15 2718.0 2355.9 -362.15 2837.6 2475.5 -1.331 10.950 9.619 
-16 0.1510 1.0881 786.0 —366.14 2719.2 2353.1 -366.14 2837.9 2471.8 -1.346 11.036 9.690 
-20 0.1035 1.0874 1128.6 —374.03 2721.6 2347.5 -374.03 2838.4 2464.3 -1.377 11212 9.835 
—24 0.0701 1.0868 1640.1 —381.80 2723.7 2342.0 -381.80 2838.7 2456.9 -1.408 11.394 9.985 
—28 0.0469 1.0861 24137 -389.45 2725.8 2336.4 -389.45 2839.0 2449.5 -1.439 11.580 10.141 
—32 0.0309 1.0854 3600 —306.08 2727.8 2330.8 -396.08 2839.1 24421 -1.471 11.773 10.303 
—36 0.0201 1.0848 5444 —404.40 2729.6 2325.2 -404.40 2839.1 2434.7 -1.501 11.972 10.470 
-40 0.0129 1.0841 8354 —411.70 2731.3 23196 -41170 2838.9 2427.2 -1.532 12.176 10.644 


Sources: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969; G. J. Van Wylen and R. E. Sonntag, Fundamentals of 
Classical Thermodynamics, Wiley, New York, 1973. 
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Table C-1E Properties of Saturated H,O—Temperature Table 
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Volume, ft?/lbm 


Energy, Btu/Ibm 


Enthalpy, Btu/Ibm 


Entropy, Btu/Ibm-^R 


Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 
Temp, Press. Liquid Vapor Liquid Evap. Vapor Liquid Evap. Vapor Liquid  Evap. Vapor 
T, °F P, psia v, v, и, и, и, һ, hg h, 5, 5% 5, 
32.018 0.08866 0.016022 3302 0.00 10212 1021.2 0.01 1075.4 1075.4 0.00000 2.1869 2.1869 
35 0.09992 0.016021 2948 2.99 1019.2 10222 3.00 1073.7 10767 0.00607 2.1704 2.1764 
40 0.12166 0.016020 2445 8.02 1015.8 10230 8.02 1070.9 1078.9 0.01617 2.1430 2.1592 
45 0.14748 0.016021 2037 13.04 1012.5 1025.5 13.04 1068.1 1081.1 0.02618 2.1162 2.1423 
50 0.17803 0.016024 1704.2 18.06 1009.1 1027.2 18.06 1065.2 1083.3 0.03607 2.0899 2.1259 
60 0.2563 0.016035 1206.9 28.08 10024 10304 28.08 1059.6 1087.7 0.05555 2.0388 2.0943 
70 0.3632 0.016051 867.7 38.09 995.6 1033.7 38.09 1054.0 1092.0 0.07463 1.9896 2.0642 
80 0.5073 0.016073 632.8 48.08 988.9 1037.0 48.09 1048.3 10964 0.09332 1.9423 2.0356 
90 0.6988 0.016099 467.7 58.07 982.2 1040.2 58.07 1042.7 1100.7 0.11165 1.8966 2.0083 
100 0.9503 0.016130 350.0 68.04 975.4 1043.5 68.05 1037.0 1105.0 0.12963 1.8526 1.9822 
110 1.2763 0.016166 265.1 78.02 968.7 1046.7 78.02 1031.3 1109.3 0.14730 1.8101 1.9574 
120 1.69045 0.016205 203.0 87.99 961.9 1049.9 $88.00 1025.5 1113.5 0.16465 1.7690 1.9336 
130 2.225 0.016247 157.17 97.97 955.1 1053.0 97.98 1019.8 1117.8 0.18172 1.7292 1.9109 
140 2.802 0.016293 122.88 107.95 948.2 1056.2 107.96 1014.0 1121.9 0.19851 1.6907 1.8892 
150 3.722 0.016343 96.99 117.95 941.3 1059.3 117.96 1008.1 1126.1 0.21503 1.6533 1.8684 
160 4.745 0.016395 77.23 127.94 934.4 1062.3 127.96 1002.2 1130.1 0.23130 1.6171 1.8484 
170 5.996 0.016450 62.02 137.95 927.4 1065.4 137.97 996.2 1134.2 0.24732 1.5819 1.8293 
180 7.515 0.016509 50.20 147.97 920.4 1068.3 147.99 990.2 1138.2 0.26311 1.5478 1.8109 
190 9.343 0.016570 40.95 158.00 913.3 1071.3 158.03 984.1 11421 0.27866 1.5146 1.7932 
200 11.529 0.016634 33.63 168.04 906.2 1074.2 168.07 977.9 1145.9 0.29400 1.4822 1.7762 
210 14.125 0.016702 27.82 178.10 898.9 1077.0 178.14 971.6 1149.7 0.30913 1.4508 1.7599 
212 14.608 0.016716 26.80 180.11 897.5 1077.6 180.16 970.3 1150.5 0.31213 1.4446 1.7567 
220 17.188 0.016772 23.15 188.17 891.7 1079.8 188.22 965.3 1153.5 0.32406 1.4201 1.7441 
230 20.78 0.016845 19.386 198.26 884.3 1082.6 198.32 958.8 1157.1 0.33880 1.3091 1.7289 
240 24.97 0.016922 16.327 208.36 876.9 1085.3 208.44 952.3 1160.7 0.35335 1.3609 1.7143 
250 29.82 0.017001 13.826 218.49 869.4 1087.9 218.59 945.6 1164.2 0.36772 1.3324 1.7001 
260 35.42 0.017084 11.768 228.64 861.8 1090.5 228.76 938.8 1167.6 0.38193 1.3044 1.6864 
270 41.85 0.017170 10.066 238.82 854.1 1093.0 238.95 932.0 1170.9 0.39597 1.2771 1.6731 
280 49.18 0.017259 8.650 249.02 846.3 1095.4 249.18 924.9 1174.1 0.40986 1.2504 1.6602 
290 57.53 0.017352 7.467 259.25 838.5 1097.7 259.44 917.8 1177.2 0.42360 1.2241 1.6477 
300 66.98 0.017448 6.472 269.52 830.5 1100.0 269.73 910.4 1180.2 0.43720 1.1984 1.6356 
320 89.60 0.017652 4.919 290.14 814.1 1104.2 290.43 895.3 1185.8 0.46400 1.1483 1.6123 
340 117.93 0.017872 3.792 31091 797.1 1108.0 311.30 879.5 1190.8 0.49031 1.0997 1.5901 
360 152.92 0.018108 2.961 331.84 779.6 1111.4 332.35 862.9 1195.2 0.51617 1.0526 1.5688 
380 195.60 0.018363 2.339 352.95 761.4 1114.3 353.62 845.4 1199.0 0.54163 1.0067 1.5483 
400 247.1 0.018638 1.8661 374.27 742.4 1116.6 375.12 826.8 1202.0 0.56672 0.9617 1.5284 
420 308.5 0.018936 1.5024 395.81 722.5 1118.3 396.89 807.2 1204.1 0.59152 0.9175 1.5091 
440 3812 0.019260 1.2192 417.62 701.7 1119.3 418.98 786.3 1205.3 0.61605 0.8740 1.4900 
460 466.3 0.019614 0.9961 439.7 679.8 1119.6 441.4 764.1 1205.5 0.6404 0.8308 1.4712 
480 565.5 0.020002 0.8187 462.2 656.7 1118.9 464.3 740.3 1204.6 0.6646 0.7878 1.4524 
500 680.0 0.02043 0.6761 485.1 632.3 1117.4 487.7 714.8 1202.5 0.6888 0.7448 1.4335 
520 811.4 0.02091 0.5605 508.5 606.2 1114.8 511.7 687.3 1198.9 0.7130 0.7015 1.4145 
540 961.5 0.02145 0.4658 532.6 578.4 1111.0 536.4 657.5 1193.8 0.7374 0.6576 1.3950 
560 1131.8 0.02207 0.3877 557.4 548.4 1105.8 562.0 625.0 1187.0 0.7620 0.6129 1.3749 
580 1324.3 0.02278 0.3225 5831 515.9 1098.9 588.6 589.3 1178.0 0.7872 0.5668 1.3540 
600 1541.0 0.02363 0.2677 609.9 480.1 1090.0 616.7 549.7 1166.4 0.8130 0.5187 1.3317 
620 1784.4 0.02465 0.2209 638.3 440.2 1078.5 646.4 505.0 1151.4 0.8398 0.4677 1.3075 
640 2057.1 0.02593 0.1805 6687 394.5 1063.2 678.6 453.4 1131.9 0.8681 0.4122 1.2803 
660 2362 0.02767 0.14459 702.3 340.0 1042.3 714.4 391.1 1105.5 0.8990 0.3493 1.2483 
680 2705 0.03032 0.11127 7417 269.3 1011.0 756.9 309.8 1066.7 0.9350 0.2718 1.2068 
700 3090 0.03666 0.07438 801.7 145.9 9477 822.7 167.5 990.2 0.9902 0.1444 1.1346 
705.44 3204 0.05053 0.05053 872.6 0 872.6 902.5 0 902.5 1.0580 0 1.0580 


Source: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969. 
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Table C-2E Properties of Saturated H,O—Pressure Table 
Volume, ft?/Ibm Energy, Btu/Ibm Enthalpy, Btu/Ibm Entropy, Btu/lbm-°R 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 

Press. Temp. Liquid Vapor Liquid Evap. Vapor Liquid Evap. Vapor Liquid  Evap. Vapor 

P, psia T, °F v, 9, и; ик и, h, hy, h, S; 5% 5, 
1.0 101.70 0.016136 333.6 69.74 974.3 10440 69.74 1036.0 1105.8 0.13266 1.8453 1.9779 
2.0 126.04 0.016230 173.75 94.02 957.8 1051.8 94.02 1022.1 1116.1 0.17499 1.7448 1.9198 
3.0 141.43 0.016300 118.72 109.38 947.2 1056.6 109.39 1013.1 1122.5 0.20089 1.6852 1.8861 
4.0 152.93 0.016358 90.64 120.88 939.3 1060.2 120.89 1006.4 1127.3 0.21983 1.6426 1.8624 
5.0 162.21 0.016407 73.53 130.15 932.9 1063.0 130.17 1000.9 1131.0 0.23486 1.6093 1.8441 
6.0 170.03 0.016451 61.98 137.98 927.4 1065.4 138.00 996.2 1134.2 0.24736 1.5819 1.8292 
8.0 182.84 0.016526 47.35 150.81 918.4 1069.2 150.84 988.4 1139.3 0.26754 1.5383 1.8058 
10 193.19 0.016590 38.42 161.20 911.0 1072.2 161.23 982.1 1143.3 0.28358 1.5041 1.7877 
14.696 211.99 0.016715 26.80 180.10 897.5 1077.6 180.15 970.4 1150.5 0.31212 1.4446 1.7567 
15 213.03 0.016723 26.29 181.14 896.8 1077.9 181.19 969.7 1150.9 0.31367 1.414 1.7551 
20 227.96 0.016830 20.09 196.19 885.8 1082.0 196.26 960.1 1156.4 0.33580 1.3962 1.7320 
25 240.08 0.016922 16.306 208.44 876.9 1085.3 208.52 952.2 1160.7 0.35345 1.3607 1.7142 
30 250.34 0.017004 13748 218.84 869.2 1088.0 218.93 945.4 1164.3 0.36821 1.3314 1.6996 
35 259.30 0.017073 11.900 227.93 862.4 1090.3 228.04 939.3 1167.4 0.38093 1.3064 1.6873 
40 267.26 0.017146 10.501 236.03 856.2 1092.3 236.16 933.8 1170.0 0.39214 1.2845 1.6767 
45 274.46 0.017209 9.403 243.37 850.7 1094.0 243.51 928.8 1172.3 0.40218 1.2651 1.6673 
50 281.03 0.017269 8.518 250.08 845.5 1095.6 25024 924.2 11744 0.41129 1.2476 1.6589 
55 287.10 0.017325 7.789 256.28 840.8 1097.0 256.46 919.9 1176.3 0.41963 1.2317 1.6513 
60 292.73 0.017378 7.177 262.06 8363 1098.3 26225 915.8 1178.0 0.42733 1.2170 1.6444 
65 298.00 0.017429 6.657 267.46 8321 1099.5 267.67 911.9 1179.6 0.43450 1.2035 1.6380 
70 302.96 0.017478 6.209 272.56 8281 1100.6 272.79 908.3 1181.0 0.44120 1.1909 1.6321 
75 307.63 0.017524 5.818 277.37 824.3 1101.6 277.61 904.8 1182.4 0.44749 1.790 1.6265 
80 312.07 0.017570 5.474 281.95 820.6 1102.6 282.21 901.4 1183.6 0.45344 1.1679 1.6214 
85 316.29 0.017613 5.170 286.30 8171 1103.5 286.58 898.2 1184.8 0.45907 1.1574 1.6165 
90 320.31 0.017655 4.898 290.46 813.8 11043 290.76 895.1 1185.9 0.46442 1.1475 1.6119 
95 324.16 0.017696 4.654 294.45 810.6 1105.0 294.76 892.1 1186.9 0.46952 1.1380 1.6076 
100 327.86 0.017736 4.434 298.28 807.5 1105.8 298.61 889.2 1187.8 0.47439 1.1290 1.6034 
110 334.82 0.017813 4.051 305.52 801.6 11071 305.88 883.7 1189.6 0.48355 1.1122 1.5957 
120 341.30 0.017886 3.730 312.27 796.0 1108.3 312.67 878.5 1191.1 0.49201 1.0966 1.5886 
130 347.37 0.017957 3.457 318.61 7907 11094 319.04 873.5 1192.5 0.49989 1.0822 1.5821 
140 353.08 0.018024 3.221 324.58 785.7 1110.3 325.05 868.7 1193.8 0.50727 1.0688 1.5761 
150 358.48 0.018089 3.016 33024 781.0 1111.2 330.75 864.2 1194.9 0.51422 1.0562 1.5704 
160 363.60 0.018152 2.836 335.63 776.4 1112.0 336.16 859.8 1196.0 0.52078 1.0443 1.5651 
170 368.47 0.018214 2.676 340.76 7720 1112.7 341.33 355.6 1196.9 0.52700 1.0330 1.5600 
180 373.13 0.018273 2.533 345.68 767.7 1113.4 346.29 851.5 1197.8 0.53292 1.0223 1.5553 
190 337.59 0.018331 2.405 350.39 763.6 11140 351.04 847.5 1198.6 0.53857 1.0122 1.5507 
200 381.86 0.018387 2.289 354.9 7596 1114.6 355.6 843.7 1199.3 0.5440 1.0025 1.5664 
300 417.43 0.018896 1.5442 393.0 725.1 1118.2 394.1 809.8 1203.9 0.5883 0.9232 1.5115 
400 444.70 0.019340 1.1620 4228 6967 1119.5 4242 781.2 1205.5 0.6218 0.8638 1.4856 
500 467.13 0.019748 0.0283 4477 6717 1119.4 449.5 755.8 1205.3 0.6490 0.8154 1.4645 
600 486.33 0.02013 07702 469.4 6491 11186 471.7 732.44 12041 0.6723 0.7742 1.4464 
700 503.23 0.02051 0.6558 4880 6282 1117.0 491.5 710.5 1202.0 0.6927 0.7378 1.4305 
800 518.36 0.02087 0.5691 506.6 608.4 1115.0 509.7 689.6 1199.3 0.7110 0.7050 1.4160 
900 532.12 0.02123 0.5009 5230 589.6 1112.6 526.6 669.5 1196.0 0.7277 0.6750 1.4027 
1000 544.75 0.02159 0.4459 5384 571.5 1109.9 542.4 650.0 1192.4 0.7432 0.6471 1.3903 
1200 567.37 0.02232 0.3623 566.7 536.8 1103.5 571.7 612.3 1183.9 0.7712 0.5961 1.3673 
1400 587.25 0.02307 0.3016 5927 503.3 1096.0 598.6 575.5 11741 0.7964 0.5497 1.3461 
1600 605.06 0.02386 0.2552 6169 470.55 1087.4 624.0 538.9 1162.9 0.8196 0.5062 1.3258 
1800 621.21 0.02472 0.2183 640.0 437.6 10777 648.3 502.1 1150.4 0.8414 0.4645 1.3060 
2000 636.00 0.02565 0.18813 6624 404.2 1066.6 671.9 464.4 1136.3 0.8623 0.4238 1.2861 
2500 668.31 0.02860 0.13059 7177 313.4 1031.0 730.9 360.5 1091.4 0.9131 0.3196 1.2327 
3000 695.52 0.03431 0.08404 7834 185.4 968.8 802.5 213.0 1015.5 0.9732 0.1843 1.1575 
3203.6 705.44 0.05053 0.05053 872.6 0 872.6 902.5 0 902.5 1.0580 0 1.0580 


Source: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969. 
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THERMODYNAMIC PROPERTIES OF WATER (STEAM TABLES) 


Table C-3E Properties of Superheated Steam 


[APP. C 


°F 


Sat. 
200 
240 
280 
320 
360 
400 
500 
600 
700 
800 

1000 


Sat. 
240 
280 
320 
360 
400 
500 
600 
700 
800 

1000 

1200 


Sat. 
320 
360 
400 
500 
600 
700 
800 

1000 

1200 

1400 

1600 


Sat. 
360 
400 
450 
500 
600 
700 
800 

1000 

1200 

1400 

1600 


и 


һ 


5 


P = 1.0 psia (101.70%Е) 


v и һ 5 


P = 50 psia (162.21 °F) 


и 


Р = 10.0 psia (193.19°Е) 


333.6 1044.0 1105.8 1.9779 73.53 1063.0 1131.0 1.8441 3842 1072.2 11433 1.7877 
392.5 1077.5 11501 2.0508 78.15 1076.3 11486 1.8715 38.85 10747 1146.6 1.7927 
416.4 1091.2 1168.3 2.0775 83.00 10903 11671 1.8987 41.32 1089.0 1165.5 1.8205 
440.3 1105.0 1186.5 2.1028 87.83 11043 1185.5 1.9244 43.77 11033 11843 1.8467 
4642 1118.9 12048 2.1269 92.64 11183 12040 1.9487 4620 11176 12031 18714 
4881 1132.5 12232 2.1500 9745 11324 12226 1.9719 48.62 11318 1221.8 1.8948 
511.9 1147.0 1241.8 2.1720 102.24 11466 12412 1.9941 51.03 11461 12405 1.9171 
571.5 1182.8 12885 2.2235 114.20 1182.5 12882 2.0458 57.04 11822 1287.7 1.9690 
631.1 1219.3 1336.1 2.2706 126.15 1219.1 1335.8 2.0930 63.03 12180 1335.5 2.0164 
600.7 12567 1384.5 2.3142 138.08 12565 13843 2.1367 69.01 12563 13840 2.0601 
750.3 12949 14337 2.3550 150.01 12947 1433.5 2.1775 7498 1294.6 14333 2.1009 
860.5 1373.9 1534.8 2.4294 173.86 1373.9 15347 22520 86.91 1373.8 1534.6 2.1755 
Р = 14.696 psia (211.99 °F) Р = 20 psia (277.96 °F) P = 40 psia (267.26 °F) 
26.80 1077.6 1150.5 1.7557 20.09 10820 11564 1.7320 10.501 10923 11700 1.6767 
28.00 1087.9 11640 1.7764 2047 1086.5 11623 1.7405 
29.69 11024 1183.1 1.8030 2173 1101.4 1181.8 1.7676 10711 1097.3 1176.6 1.6857 
31.36 1116.8 12021 1.8280 22.98 1116.0 1201.1 1.7930 11.360 1112.8 1196.9 1.7124 
33.00 11312 1221.0 1.8516 24.21 1130.6 12201 1.8168 11.996 11280 1216.8 1.7373 
34.67 11456 12390 1.8741 2543 1145.1 12392 1.8395 12.623 11430 12364 1.7606 
3877 11818 12873 1.9263 2846 1181.5 12863 1.8919 14.164 11801 12849 1.8140 
42.86 1218.66 13352 19737 3147 12184 13348 1.9395 15.685 12173 13334 1.8621 
46.93 12561 1383.8 2.0175 3447 12559 1383.5 1.9834 17.196 1255.1 13824 1.9063 
51.00 1294.4 1433.1 2.0584 3746 12943 14329 2.0243 18.701 12937 14321 1.9474 
50.13 13737 1534.5 2.1330 43.44 1373.5 15343 2.0989 21.70 13731 15338 2.0223 
67.25 1465 16393 2.2000 4941 14564 16392 2.1663 24.69 1456.1 1638.9 2.0897 
Р = 60 psia (292.73 °F) Р = 80 psia (312.07 ^F) P = 100 psia (327.86 °F) 
7177 10983 1178.0 1.6444 5.474 1102.6 1183.6 1.6214 4.434 1105.8 1187.8 1.6034 
7485 1109.5 1192.6 1.6634 5.544 1106.0 1188.0 1.6271 
7.924 1125.3 1213.3 1.6803 5.886 1122.5 12097 1.6541 4.662 11197 1205.9 1.6259 
8.53 1140.3 1233.5 1.7134 6217 1138.5 12306 1.6790 4.934 1136.2 1227.5 1.6517 
9.399 1178.6 1283.0 1.7678 7017 11772 1281.1 1.7346 5.587 11757 1279.1 1.7085 
10.425 1216.3 1332.1 1.8165 7.794 12153 13307 1.7838 6216 1214.2 13293 1.7582 
11.440 12544 13814 1.8600 8.561 1253.6 13803 1.8285 6.834 1252.8 13792 1.8033 
12.448 12930 1431.2 1.9002 9.321 12924 14304 1.8700 7.445 1291.8 1429.6 1.8449 
14.454 13727 15332 1.9773 10.831 13723 15326 1.9453 8.657 1371.9 15321 1.9204 
16.452 1455.8 1638.5 2.0448 12.333 1455.5 1638.1 2.0130 9.861 14552 16377 1.9882 
18.445 1542.5 17473 2.1067 13.830 15423 17470 2.0749 11.060 15420 17467 2.0502 
2044 16328 18597 2.1641 15.324 1632.6 1859.5 21323 12257 16324 18593 2.1076 


Р = 120 psia (341.302Е) 


3.730 
3.844 
4.079 
4.360 
4.633 
5.164 
5.682 
6.195 
7.208 
8.213 
9.214 
10.212 


1108.3 
1116.7 
1133.8 
1154.3 
1174.2 
1213.2 
1252.0 
1291.2 
1371.5 
1454.9 
1541.8 
1632.3 


1191.1 
1202.0 
1224.4 
1251.2 
1277.1 
1327.8 
1378.2 
1428.7 
1531.5 
1637.3 
1746.4 
1859.0 


1.5886 
1.6021 
1.6288 
1.6590 
1.6868 
1.7371 
1.7825 
1.8243 
1.9000 
1.9679 
2.0300 
2.0875 


P = 140 psia (353.08 °F) 


3.221 1110.3 11938 1.5761 


3.259 1113.5 1198.0 1.5812 
3.466 11314 12212 1.6088 
3.713 1152.4 1248.6 1.6399 
3.952 1172.7 1275.1 1.6682 
4.412 1212.1 1326.4 1.7191 
4.860 1251.2 1377.1 1.7648 
5.301 1290.5 1427.9 1.8068 
6.173 1371.0 15310 1.8827 
7.036 1454.6 1636.9 1.9507 
7.895 1541.6 1746.1 2.0129 
8.752 1632.1 1858.8 2.0704 


Р = 160 psia (363.60 °F) 


2.836 


3.007 
3.228 
3.440 
3.848 
4.243 
4.631 
5.397 
6.154 
6.906 
7.656 


1112.0 


1128.8 
1150.5 
1171.2 
1211.1 
1250.4 
1289.9 
1370.6 
1454.3 
1541.4 
1631.9 


1196.0 


1217.8 
1246.1 
1273.0 
1325.0 
1376.0 
1427.0 
1530.4 
1636.5 
1745.9 
1858.6 


1.5651 


1.5911 
1.6230 
1.6518 
1.7034 
1.7494 
1.7916 
1.8677 
1.9358 
1.9980 
2.0556 
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Table C-3E (Continued) 


°F v и h 5 v и h $ v и h 5 


Р = 180 psia (373.13 °F) Р = 200 psia (381.68 °F) Р = 300 psia (417.43 °F) 


Sat. 2.533 11134 1197.8 1.5553 2289 1114.6 11993 1.5464 1.5442 1118.2 12039 1.5115 
400 2.648 11262 12144 1.5749 2.361 1123.5 1210.8 1.5600 
450 2.850 1148.5 1243.4 1.6078 2.548 1146.4 1240.7 1.5938 1.6361 1135.4 12262 1.5363 
500 3.042 1169.6 12709 1.6372 2.724 1168.0 1268.8 1.6239 1.7662 1159.5 1257.5 1.5701 
600 3.409 1210.0 1323.5 1.6893 3.058 1208.9 1322.1 1.6767 2.004 1203.2 1314.5 1.6266 
700 3.763 1249.6 13749 1.7357 3.379 1248.8 1373.8 1.7234 2.227 1244.6 1368.3 1.6751 
800 4.110 1289.3 14262 1.7781 3.693 1288.6 14253 1.7660 2.442 1285.4 1421.0 1.7187 
900 4.453 1329.4 14777 1.8175 4.003 1328.9 14771 1.8055 2.653 1328.3 1473.6 1.7589 
1000 4.793 1370.2 1529.8 1.8545 4.310 1369.8 | 1529.3 1.8425 2.860 1367.7 1526.5 1.7964 
1200 5.467 1454.0 16361 1.9227 4.918 1453.7 1635.7 1.9109 3.270 1452.2 1633.8 1.8653 
1400 6.137 1541.2 1745.6 1.9849 5.521 1540.9 17453 1.9732 3.675 1539.8 1743.8 1.9279 
1600 6.804 1631.7 1858.4 2.0425 6.123 1631.6 1858.2 2.0308 4.078 1630.7 1857.0 1.9857 


Р = 400 psia (447.70 ?F) Р = 500 psia (467.13 °F) P = 600 psia (486.33 °F) 


Sat. 1.1620 1119.5 1205.5 1.4856 0.9283 11194 1205.3 1.4645 0.7702 1118.6 12041 1.4464 
500 1.2843 1150.1 1245.2 1.5282 0.9924 1139.7 1231.5 1.4923 0.7947 11280 1216.2 1.4592 
550 1.3833 1174.6 12770 1.5605 1.0792 1166.7 12666 1.5279 0.8749 1158.2 12554 1.4990 
600 1.4760 1197.3 1306.6 1.5892 1.1583 1191.1 12983 1.5585 0.9456 1184.5 1289.5 1.5320 
700 1.6503 1240.4 1362.5 1.6397 1.3040 1236.0 13567 1.6112 1.0727 12315 1350.6 1.5872 
800 1.8163 12821 1416.6 1.6844 1.4407 1278.8 14121 1.6571 1.1900 12754 1407.6 1.6343 
900 1.9776 13237 14701 1.7252 1.5723 1321.0 1466.5 1.6987 1.3021 1318.4 1462.9 1.6766 

1000 2.136 1365.5 1523.6 1.7632 1.7008 1363.3 15207 1.7371 1.4108 13612 1517.8 1.7155 

1100 1.8271 1406.0 15751 1.7731 1.5173 14042 15727 1.7519 

1200 2.446 14507 16318 1.8327 1.9518 1449.2 16298 1.8072 1.6222 14477 1627.8 1.7861 

1400 2.752 1538.7 1742.4 1.8956 2.198 1537.6 17410 1.8704 1.8289 1536.5 1739.5 1.8497 

1600 3.055 1629.8 1855.9 1.9535 2442 1628.9 1854.8 1.9285 2.033 1628.0 1853.7 1.9080 


Р = 800 psia (518.36 °F) P = 1000 psia (544.75 ^F) Р = 2000 psia (636.00 ° F) 


550 0.6154 1138.8 1229.9 1.4469 0.4534 1114.8 1198.7 1.3966 

600 0.6776 1170.1 1270.4 1.4861 0.5140 1153.7 1248.8 1.4450 

650 0.7324 1197.2 1305.6 1.5186 0.5637 1184.7 12891 1.4822 0.2057 1091.1 1167.2 1.3141 

700 0.7829 1222.1] 13380 1.5471 0.6080 1212.0 13246 1.5135 02487 11477 1239.8 1.3782 

800 0.8764 1268.5 1398.2 1.5969 0.6878 1261.2 1388.5 1.5664 0.3071 1220.1 1333.8 1.4562 

900 0.9640 13129 1455.6 1.6408 0.7610 1307.3 1488.1 1.6120 0.3534 1276.8 1407.6 1.5126 
1000 1.0482 13567 1511.9 1.6807 0.8305 1352.2 1505.9 1.6530 0.3945 1328.1 1474.1 1.5598 
1100 1.1300 1400.5 1567.8 1.7178 0.8976 1396.8 1562.9 1.6908 0.4325 13772 1537.2 1.6017 
1200 1.2102 1444.6 1623.8 1.7526 0.9630 1441.5 16197 1.7261 0.4685 1425.2 1598.6 1.6393 
1400 1.3674 1534.2 17366 1.8167 1.0905 1531.9 1733.7 1.7909 0.5368 1520.2 1718.8 1.7082 
1600 1.5218 16262 1851.5 1.8754 1.2152 16244 18493 1.8499 0.6020 16154 1838.2 1.7692 


Р = 3000 psia (695.52 °F) Р = 4000 рѕіа Р = 5000 рѕіа 


650 0.02447 657.7 675.8 0.8574 0.02377 648.0 670.0 0.8482 
700 0.09771 10039 1058.1 1.1944 0.02867 742.1 763.4 0.9345 0.02676 721.8 746.6 0.9156 
750 0.14831 1114.7 11971 1.3122 0.06331 960.7 1007.5 1.1395 0.03364 821.4 852.6 1.0049 
800 0.17572 11676 12652 1.3675 0.10522 10950 1172.9 1.2740 0.05932 9872 10421 1.1583 
850 0.19731 12077 13172 1.4080 0.12833 11565 1251.5 1.3352 0.08556 10927 1171.9 1.2956 
900 0.2160 1241.8 13617 14414 0.14622 1201.5 13097 1.3789 0.10385 11551 1251.1 1.3190 
1000 0.2485 1301.7 14396 1.4967 0.17520 12729 1402.6 1.4449 0.13120 12420 13634 1.3988 
1100 0.2772 1356.2 1510.1 1.5434 0.19954 1333.9 1481.6 1.4973 0.15302 1310.6 1452.2 1.4577 
1200 0.3036 1408.0 15766 1.5848 0.2213 1390.1 1553.9 1.5423 0.17199 1371.6 1530.8 1.5066 
1300 0.2414 1443.7 16224 1.5823 0.18918 1428.6 1603.7 1.5493 
1400 0.3524 1508.1 1703.7 1.6571 0.2603 1495.7 16884 1.6188 0.20517 1483.2 1673.0 1.5876 
1600 0.3978 1606.3 1827.1 1.7201 0.2959 15971 18161 1.6841 0.2348 15879 1805.2 1.6551 


Source: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969. 


366 THERMODYNAMIC PROPERTIES OF WATER (STEAM TABLES) [APP. C 


Table C-4E Compressed Liquid (T in °F, v in ft*/lbm, и and h in Btu/Ibm, s in Btu/Ibm-? R) 


°F v и һ 5 v u h 5 v и һ 5 


Р = 500 рвіа (467.13 °F) P = 1000 psia (544.75 °F) P = 1500 psia (596.39 °F) 


Sat. 0.019748 447.70 449.53 0.64904 | 0.021591 538.39 542.38 0.74320 | 0.023461 604.97 611.48 0.80824 
32 0.015994 0.00 1.49 0.00000 | 0.015967 0.03 2.99 0.00005 | 0.015939 0.05 4.47 0.00007 
50 0.015998 18.02 19.50 0.03599 | 0.015972 17.99 20.94 0.03592 | 0.015946 17.95 22.38 0.03584 

100 0.016106 67.87 69.36 0.12932 | 0.016082 67.70 70.68 0.12901 | 0.016058 67.53 71.99 0.12870 

150 0.016318 117.66 119.17 0.21457 | 0.016293 117.38 120.40 0.21410 | 0.016268 117.10 121.62 0.21364 

200 0.016608 167.65 169.19 0.29341 | 0.016580 167.26 170.32 0.29281 | 0.016554 166.87 171.46 0.29221 

250 0.016972 217.99 219.56 0.36702 | 0.016941 217.47 220.61 0.36628 | 0.016910 216.96 221.65 0.36554 

300 0.017416 268.92 270.53 0.43641 | 0.017379 268.24 271.46 0.43552 | 0.017343 267.58 272.39 0.43463 

350 0.017954 320.71 322.37 0.50249 | 0.017909 319.83 323.15 0.50140 | 0.017865 318.98 323.94 0.50034 

400 0.018608 373.68 375.40 0.56604 | 0.018550 372.55 375.08 0.56472 | 0.018493 371.45 376.59 0.56343 

450 0.019420 428.40 430.19 0.62798 | 0.019340 426.89 430.47 0.62632 | 0.019264 425.44 430.79 0.62470 


500 0.02036 483.8 487.5 0.6874 | 0.02024 4818 487.4 0.6853 
550 0.02158 5421 548.1 0.7469 
Р = 2000 psia (636.00 °F) Р = 3000 psia (695.52 °F) Р = 5000 psia 


Sat. 0.025649 662.40 671.89 0.86227 | 0.034310 783.45 802.50 0.97320 
32 0.015912 0.06 5.95 0.00008 | 0.015859 0.09 8.90 0.00009 | 0.015755 0.11 14.70 —0.00001 
50 0.015920 17.91 23.81 0.03575 | 0.015870 17.84 26.65 0.03555 | 0.015773 17.67 32.26 0.03508 

100 0.016034 67.37 73.30 0.12839 | 0.015987 67.04 75.91 0.12777 | 0.015897 66.40 81.11 0.12651 

200 0.016527 166.49 172.60 0.29162 | 0.016476 165.74 174.89 0.29046 | 0.016376 164.32 179.47 0.28818 

300 0.017308 266.93 273.33 0.43376 | 0.017240 265.66 275.23 0.43205 | 0.017110 263.25 279.08 0.42875 

400 0.018439 370.38 377.21 0.56216 | 0.018334 368.32 378.50 0.55970 | 0.018141 364.47 381.25 0.55506 

450 0.019191 424.04 431.14 0.62313 |0.019053 421.36 431.93 0.62011 | 0.018803 416.44 433.84 0.61451 

500 0.02014 479.8 487.3 0.6832 |0.019944 476.2 487.3 0.6794 | 0.019603 469.8 487.9 0.6724 

560 0.02172 551.8 559.8 0.7565 | 0.021382 546.2 558.0 0.7508 | 0.020835 536.7 5560 0.7411 

600 0.02330 605.4 6140 0.8086 | 0.02274 5970 609.6 0.8004 | 0.02191 584.0 6042 0.7876 


640 0.02475 6543 668.0 0.8545 | 0.02334 634.6 6562 0.8357 
680 0.02879 7284 7443 0.9226 | 0.02535 690.6 714.1 0.8873 
700 0.02676 7218 746.6 0.9156 


Source: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969. 
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Table C-5E Saturated Solid—Vapor 
Volume, ft?/Ibm Energy, Btu/lbm Enthalpy, Btu/lbm Entropy, Btu/lbm-°R 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 

Solid Vapor | Solid Subl. Vapor | Solid Subl. Vapor | Solid Subl. Vapor 

Т, °F P, psia v; v, x 10° и, Ure и, h; Nig h, 5; Sig 5, 
32.018 0.0887 0.01747 3.302 | -143.34 1164.6 1021.2 | -143.34 1218.7 1075.4 |-0.292 2.479 2.187 
32 0.0886 0.01747 3.305 | —143.35 1164.6 1021.2 | -143.35 1218.7 1075.4 |-0.292 2.479 2.187 
30 0.0808 0.01747 3.607 | —144.35 1164.9 1020.5 | -144.35 1218.9 1074.5 |-0.294 2.489 2.195 
25 0.0641 0.01746 4.506 | -146.84 1165.7 1018.9 | -146.84 1219.1 1072.3 | -0.299 2.515 2.216 
20 0.0505 0.01745 5.655 | 149.31 1166.5 1017.2 | —149.31 1219.4 1070.1 | 0.304 2.542 2.238 
15 0.0396 0.01745 7.13 | -151.75 1167.3 1015.5 | —151.75 1219.7 1067.9 | —0.309 2.569 2.260 
10 0.0309 0.01744 9.04 | -154.17 1168.1 1013.9 | -154.17 1219.9 1065.7 | -0.314 2.597 2.283 
5 0.0240 0.01743 11.52 | —156.56 1168.8 1012.2 | —156.56 1220.1 1063.5 | —0.320 2.626 2.306 
0 0.0185 0.01743 14.77 | —158.93 1169.5 1010.6 | —158.93 1220.2 1061.2 | —0.325 2.655 2.330 
-5 0.0142 0.01742 19.03 | —161.27 1170.2 1008.9 | —161.27 1220.3 1059.0 | -0.330 2.684 2.354 
-10 0.0109 0.01741 24.66 |-163.59 1170.9 1007.3 | -163.59 1220.4 1056.8 | —0.335 2.714 2.379 
-15 0.0082 0.01740 322 -165.89 1171.5 1005.6 |-165.89 1220.5 1054.6 |—0.340 2.745 2.405 
-20 0.0062 0.01740 422 —168.16 1172.1 1003.9 |-168.16 1220.6 1052.4 |-0.345 2.776 2.431 
-25 0.0046 0.01739 557 —170.40 1172.7 1002.3 | —170.40 1220.6 1050.2 |-0.351 2.808 2.457 
-30 0.0035 0.01738 741 -172.63 1173.2 1000.6 | -172.63 1220.6 1048.0 |-0.356 2.841 2.485 
-35 0.0026 0.01737 992 -174,82 1173.8 998.9 | –174.82 1220.6 1045.8 | -0.361 2.874 2.513 
-40 0.0019 0.01737 133.8 -177.00 1174.3 997.3 | -177.00 1220.6 1043.6 | —0.366 2.908 2.542 


Source: Keenan, Keyes, Hill, and Moore, Steam Tables, Wiley, New York, 1969. 
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hermodynamic 
roperties of R134a 


Table D-1 Saturated R134a—Temperature Table 


Specific Volume Internal Energy Enthalpy Entropy 
m/kg kJ/kg kJ/kg kJ/kg-K 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 

Temp. Pressure Liquid Vapor Liquid Vapor Liquid Evap. Vapor Liquid Vapor 

°С КРа v,x 10° v, и, и, һ, hg h, 5, 5, 
-40 51.64 0.7055 0.3569 -0.04 204.45 0.00 222.88 222.88 0.0000 0.9560 
-36 63.32 0.7113 0.2947 4.68 206.73 4.73 220.67 225.40 0.0201 0.9506 
-32 71.04 0.7172 0.2451 9.47 209.01 9.52 218.37 227.90 0.0401 0.9456 
—28 93.05 0.7233 0.2052 14.31 211.29 14.37 216.01 230.38 0.0600 0.9411 
—26 101.99 0.7265 0.1882 16.75 212.43 16.82 214.80 231.62 0.0699 0.9390 
-24 111.60 0.7296 0.1728 19.21 213.57 19.29 213.57 232.85 0.0798 0.9370 
—22 121.92 0.7328 0.1590 21.68 214.70 21.77 212.32 234.08 0.0897 0.9351 
-20 132.99 0.7361 0.1464 24.17 215.84 24.26 211.05 235.31 0.0996 0.9332 
-18 144.83 0.7395 0.1350 26.67 216.97 26.71 209.76 236.53 0.1094 0.9315 
-16 157.48 0.7428 0.1247 29.18 218.10 29.30 208.45 231.74 0.1192 0.9298 
-12 185.40 0.7498 0.1068 34.25 220.36 34.39 205.77 240.15 0.1388 0.9267 
-8 217.04 0.7569 0.0919 39.38 222.60 39.54 203.00 242.54 0.1583 0.9239 
-4 252.74 0.7644 0.0794 44.56 224.84 44.75 200.15 244.90 0.1777 0.9213 
0 292.82 0.7721 0.0689 49.79 227.06 50.02 197.21 247.23 0.1970 0.9190 
4 337.65 0.7801 0.0600 55.08 229.27 55.35 194.19 249.53 0.2162 0.9169 
8 387.56 0.7884 0.0525 60.43 231.46 60.73 191.07 251.80 0.2354 0.9150 
12 442.94 0.7971 0.0460 65.83 233.63 66.18 187.85 254.03 0.2545 0.9132 
16 504.16 0.8062 0.0405 71.29 235.78 71.69 184.52 256.22 0.2735 0.9116 
20 571.60 0.8157 0.0358 76.80 237.91 71.26 181.09 258.36 0.2924 0.9102 
24 645.66 0.8257 0.0317 82.37 240.01 82.90 177.55 260.45 0.3113 0.9089 
26 685.30 0.8309 0.0298 85.18 241.05 85.75 175.73 261.48 0.3208 0.9082 
28 726.75 0.8362 0.0281 88.00 242.08 88.61 173.89 262.50 0.3302 0.9076 
30 770.06 0.8417 0.0265 90.84 243.10 91.49 172.00 263.50 0.3396 0.9070 
32 815.28 0.8473 0.0250 93.70 244.12 94.39 170.09 264.48 0.3490 0.9064 
34 862.47 0.8530 0.0236 96.58 245.12 97.31 168.14 265.45 0.3584 0.9058 
36 911.68 0.8590 0.0223 99.47 246.11 100.25 166.15 266.40 0.3678 0.9053 
38 962.98 0.8651 0.0210 102.38 247.09 103.21 164.12 267.33 0.3772 0.9047 
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Specific Volume Internal Energy Enthalpy Entropy 
m/kg kJ/kg kJ/kg kJ/kg-K 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 
Temp. Pressure Liquid Vapor Liquid Vapor Liquid Evap. Vapor Liquid Vapor 
°C kPa v, x 10° v, и, и, h, hy h, 5, 5, 
40 1016.4 0.8714 0.0199 105.30 248.06 106.19 162.05 268.24 0.3866 0.9041 
42 1072.0 0.8780 0.0188 108.25 249.02 109.19 159.94 269.14 0.3960 0.9035 
44 1129.9 0.8847 0.0177 111.22 249.96 112.22 157.79 270.01 0.4054 0.9030 
48 1252.6 0.8989 0.0159 117.22 251.79 118.35 153.33 271.68 0.4243 0.9017 
52 1385.1 0.9142 0.0142 123.31 253.55 124.58 148.66 273.24 0.4432 0.9004 
56 1527.8 0.9308 0.0127 129.51 255.23 130.93 143.75 274.68 0.4622 0.8990 
60 1681.3 0.9488 0.0114 135.82 256.81 137.42 138.57 275.99 0.4814 0.8973 
70 2116.2 1.0027 0.0086 152.22 260.15 154.34 124.08 278.43 0.5302 0.8918 
80 2632.4 1.0766 0.0064 169.88 262.14 172.71 106.41 279.12 0.5814 0.8827 
90 3243.5 1.1949 0.0046 189.82 261.34 193.69 82.63 276.32 0.6380 0.8655 
100 3974.2 1.5443 0.0027 218.60 248.49 224.74 34.40 259.13 0.7196 0.8117 


Source: Table D-1 through D-3 are based on equations from D. P. Wilson and R. S. Basu, “Thermodynamic Properties of a New Stratospherically 


Safe Working Fluid—Refrigerant 134a,” ASHRAE Trans., Vol. 94, Pt. 2, 1988, рр. 2095-2118. 


Table D-2 Saturated R134a— Pressure Table 


Specific Volume Internal Energy Enthalpy Entropy 
m/kg kJ/kg kJ/kg kJ/kg-K 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 

Pressure Temp. Liquid Vapor Liquid Vapor Liquid Еуар. Vapor Liquid Vapor 

kPa "€ [ES 10? v. и, и, h, hy h, 5, 5, 
60 -37.07 0.7097 0.3100 3.14 206.12 3.46 221.27 224.72 0.0147 0.9520 
80 —31.21 0.7184 0.2366 10.41 209.46 10.47 217.92 228.39 0.0440 0.9447 
100 -26.43 0.7258 0.1917 16.22 212.18 16.29 215.06 231.35 0.0678 0.9395 
120 -22.36 0.7323 0.1614 21.23 214.50 21.32 212.54 233.86 0.0879 0.9354 
140 -18.80 0.7381 0.1395 25.66 216.52 25.77 210.27 236.04 0.1055 0.9322 
160 —15.62 0.7435 0.1229 29.66 218.32 29.78 208.19 237.97 0.1211 0.9295 
180 -12.73 0.7485 0.1098 33.31 219.94 33.45 206.26 239.71 0.1352 0.9273 
200 -10.09 0.7532 0.0993 36.69 221.43 36.84 204.46 24130 0.1481 0.9253 
240 -5.37 0.7618 0.0834 42.77 224.07 42.95 201.14 244.09 0.1710 0.9222 
280 —1.23 0.7697 0.0719 48.18 226.38 48.39 198.13 246.52 0.1911 0.9197 
320 2.48 0.7770 0.0632 53.06 228.43 53.31 195.35 248.66 0.2089 0.9177 
360 5.84 0.7839 0.0564 57.54 230.28 57.82 192.76 250.58 0.2251 0.9160 
400 8.93 0.7904 0.0509 61.69 231.97 62.00 190.32 252.32 0.2399 0.9145 
500 15.74 0.8056 0.0409 70.93 235.64 71.33 184.74 256.07 0.2723 0.9117 
600 21.58 0.8196 0.0341 78.99 238.74 79.48 179.71 259.19 0.2999 0.9097 
700 26.72 0.8328 0.0292 86.19 241.42 86.78 175.07 261.85 0.3242 0.9080 
800 31.33 0.8454 0.0255 92.75 243.78 93.42 17073 264.15 0.3459 0.9066 
900 35.53 0.8576 0.0226 98.79 245.88 99.56 166.62 266.18 0.3656 0.9054 
1000 39.39 0.8695 0.0202 10442 24777 105.29 162.68 267.97 0.3838 0.9043 
1200 46.32 0.8928 0.0166 114.69 251.03 115.76 155.23 270.99 0.4164 0.9023 
1400 52.43 0.9159 0.0140 123.98 253.74 125.26 148.14 273.40 0.4453 0.9003 
1600 57.92 0.9392 0.0121 132.52 256.00 134.02 141.31 275.33 0.4714 0.8982 
1800 62.91 0.9631 0.0105 140.49 257.88 142.22 134.60 276.83 0.4954 0.8959 
2000 67.49 0.9878 0.0093 148.02 259.41 149.99 127.95 277.94 0.5178 0.8934 
2500 77.59 1.0562 0.0069 165.48 261.84 168.12 111.06 279.17 0.5687 0.8854 
3000 86.22 1.1416 0.0053 181.88 262.16 185.30 92.71 278.01 0.6156 0.8735 
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Table D-3 Superheated R134a 
T °C v, m/kg и, kJ/kg h, kJ/kg 5, kI/kg-K v, m/kg u, kJ/kg h, kJ/kg s, kI/kg-K 
Р = 0.06 MPa (—37.07 °C) P = 0.10 MPa (-26.43 °C) 
Sat. 0.31003 206.12 224.72 0.9520 0.19170 212.18 231.35 0.9395 
—20 0.33536 217.86 237.98 1.0062 0.19770 216.77 236.54 0.9602 
—10 0.34992 224.97 245.96 1.0371 0.20686 224.01 244.70 0.9918 
0 0.36433 232.24 254.10 1.0675 0.21587 231.41 252.99 1.0227 
10 0.37861 239.69 262.41 1.0973 0.22473 238.96 261.43 1.0531 
20 0.39279 247.32 270.89 1.1267 0.23349 246.67 270.02 1.0829 
30 0.40688 255.12 279.53 1.1557 0.24216 254.54 278.76 1.1122 
40 0.42091 263.10 288.35 1.1844 0.25076 262.58 287.66 1.1411 
50 0.43487 271.25 297.34 1.2126 0.25930 270.79 296.72 1.1696 
60 0.44879 279.58 306.51 1.2405 0.26779 279.16 305.94 1.1977 
70 0.46266 288.08 315.84 1.2681 0.27623 287.70 315.32 1.2254 
80 0.47650 296.75 325.34 1.2954 0.28464 296.40 324.87 1.2528 
90 0.49031 305.58 335.00 1.3224 0.29302 305.27 334.57 1.2799 
Р = 0.14 MPa (-18.80 °C) Р = 0.18 MPa (-12.73 °C) 
Sat. 0.13945 216.52 236.04 0.9322 0.10983 219.94 239.71 0.9273 
-10 0.14519 223.03 243.40 0.9606 0.11135 222.02 242.06 0.9362 
0 0.15219 230.55 251.86 0.9922 0.11678 229.67 250.69 0.9684 
10 0.15875 238.21 260.43 1.0230 0.12207 237.44 259.41 0.9998 
20 0.16520 246.01 269.13 1.0532 0.12723 245.33 268.23 1.0304 
30 0.17155 253.96 277.97 1.0828 0.13230 253.36 277.17 1.0604 
40 0.17783 262.06 286.96 1.1120 0.13730 261.53 286.24 1.0898 
50 0.18404 270.32 296.09 1.1407 0.14222 269.85 295.45 1.1187 
60 0.19020 278.74 305.37 1.1690 0.14710 278.31 304.79 1.1472 
70 0.19633 287.32 314.80 1.1969 0.15193 286.93 314.28 1.1753 
80 0.20241 296.06 324.39 1.2244 0.15672 295.71 323.92 1.2030 
90 0.20846 304.95 334.14 1.2516 0.16148 304.63 333.70 1.2303 
100 0.21449 314.01 344.04 1.2785 0.16622 313.72 343.63 1.2573 
Р = 0.20 MPa (—10.09 °C) Р = 0.24 МРа (—5.37 °С) 
Sat. 0.09933 221.43 241.30 0.9253 0.08343 224.07 244.09 0.9222 
-10 0.09938 221.50 241.38 0.9256 
0 0.10438 229.23 250.10 0.9582 0.08574 228.31 248.89 0.9399 
10 0.10922 237.05 258.89 0.9898 0.08993 236.26 257.84 0.9721 
20 0.11394 244.99 267.78 1.0206 0.09399 244.30 266.85 1.0034 
30 0.11856 253.06 276.77 1.0508 0.09794 252.45 275.95 1.0339 
40 0.12311 261.26 285.88 1.0804 0.10181 260.72 285.16 1.0637 
50 0.12758 269.61 295.12 1.1094 0.10562 269.12 294.47 1.0930 
60 0.13201 278.10 304.50 1.1380 0.10937 277.67 303.91 1.1218 
70 0.13639 286.74 314.02 1.1661 0.11307 286.35 313.49 1.1501 
80 0.14073 295.53 323.68 1.1939 0.11674 295.18 323.19 1.1780 
90 0.14504 304.47 333.48 1.2212 0.12037 304.15 333.04 1.2055 
100 0.14932 313.57 343.43 1.2483 0.12398 313.27 343.03 1.2326 
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Table D-3 (Continued) 
Т °С v, m/kg и, kJ/kg h, kJ/kg s, kI/kg-K v, m/kg u, kJ/kg h, kJ/kg s, kJ/kg:K 
Р = 0.28 MPa (—1.23 °C) P = 0.32 MPa (2.48 °C) 
Sat. 0.07193 226.38 246.52 0.9197 0.06322 228.43 248.66 0.917 
0 0.07240 22034 247.64 0.9238 

10 0.07613 235.44 256.76 0.9566 0.06576 234.61 255.65 0.942 
20 0.07972 243.59 265.91 0.9883 0.06901 242.87 264.95 0.974 
30 0.08320 251.83 275.12 1.0192 0.07214 251.19 274.28 1.006 
40 0.08660 260.17 284.42 1.0494 0.07518 259.61 283.67 1.036 
50 0.08992 268.64 293.81 1.0789 0.07815 268.14 293.15 1.066 
60 0.09319 277.23 303.32 1.1079 0.08106 276.79 302.72 1.095 
70 0.09641 285.96 312.95 1.1364 0.08392 285.56 312.41 1.124 
80 0.09960 294.82 322.71 1.1644 0.08674 294.46 322.22 1.152 
90 0.10275 303.83 332.60 1.1920 0.08953 303.50 332.15 1.180 

100 0.10587 312.98 342.62 1.2193 0.09229 312.68 342.21 1.207 

110 0.10897 322.27 352.78 1.2461 0.09503 322.00 352.40 1.234 

120 0.11205 331.71 363.08 1.2727 0.09774 331.45 362.73 1.261 

Р = 0.40 MPa (8.93 °C) Р = 0.50 MPa (15.74 °C) 

Sat. 0.05089 231.97 252,32 0.9145 0.04086 235.64 256.07 0.911 
10 0.05119 232.87 253.35 0.9182 
20 0.05397 241.37 262.96 0.9515 0.04188 239.40 260.34 0.926 
30 0.05662 249.89 272.54 0.9837 0.04416 248.20 270.28 0.959 
40 0.05917 258.47 282.14 1.0148 0.04633 256.99 280.16 0.991 
50 0.06164 267.13 291.79 1.0452 0.04842 265.83 290.04 1.022 
60 0.06405 275.89 301.51 1.0748 0.05043 274.73 299.95 1.053 
70 0.06641 284.75 311.32 1.1038 0.05240 283.72 309.92 1.082 
80 0.06873 293.73 321.23 1.1322 0.05432 292.80 319.96 1.111 
90 0.07102 302.84 331.25 1.1602 0.05620 302.00 330.10 1.139 

100 0.07327 312.07 341.38 1.1878 0.05805 311.31 340.33 1.167 

110 0.07550 321.44 351.64 1.2149 0.05988 320.74 350.68 1.194 

120 0.07771 330.94 362.03 1.2417 0.06168 330.30 361.14 1.221 

130 0.07991 340.58 372.54 1.2681 0.06347 339.98 371.72 1.248 

140 0.08208 350.35 383.18 1.2941 0.06524 349.79 382.42 1.274 

Р = 0.60 MPa (21.58 °C) Р = 0.70 MPa (26.72 °C) 

Sat. 0.03408 238.74 259.19 0.9097 0.02918 241.42 261.85 0.9080 
30 0.03581 246.41 267.89 0.9388 0.02979 244.51 265.37 0.9197 
40 0.03774 255.45 278.09 0.9719 0.03157 253.83 275.93 0.9539 
50 0.03958 264.48 288.23 1.0037 0.03324 263.08 286.35 0.9867 
60 0.04134 273.54 298.35 1.0346 0.03482 272.31 296.69 1.0182 
70 0.04304 282.66 308.48 1.0645 0.03634 281.57 307.01 1.0487 
80 0.04469 291.86 318.67 1.0938 0.03781 290.88 317.35 1.0784 
90 0.04631 301.14 328.93 1.1225 0.03924 300.27 327.74 1.1074 

100 0.04790 310.53 339.27 1.1505 0.04064 309.74 338.19 1.1358 

110 0.04946 320.03 349.70 1.1781 0.04201 319.31 348.71 1.1637 

120 0.05099 329.64 360.24 1.2053 0.04335 328.98 359.33 1.1910 

130 0.05251 339.38 370.88 1.2320 0.04468 338.76 370.04 1.2179 

140 0.05402 349.23 381.64 1.2584 0.04599 348.66 380.86 1.2444 

150 0.05550 359.21 392.52 1.2844 0.04729 358.68 391.79 1.2706 

160 0.05698 369.32 403.51 1.3100 0.04857 368.82 402.82 1.2963 
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Table D-3 (Continued) 
T °C v, m"/kg и, kJ/kg h, kJ/kg s, kI/kg-K v, m/kg u, kJ/kg h, kJ/kg s, kJ/kg-K 
P = 0.80 MPa (31.33 °C) P = 0.90 MPa (35.53 °C) 

Sat. 0.02547 243.78 264.15 0.9066 0.02255 245.88 266.18 0.9054 
40 0.02691 252.13 273.66 0.9374 0.02325 250.32 271.25 0.9217 
50 0.02846 261.62 284.39 0.9711 0.02472 260.09 282.34 0.9566 
60 0.02992 271.04 294.98 1.0034 0.02609 269.72 293.21 0.9897 
70 0.03131 280.45 305.50 1.0345 0.02738 279.30 303.94 1.0214 
80 0.03264 289.89 316.00 1.0647 0.02861 288.87 314.62 1.0521 
90 0.03393 299.37 326.52 1.0940 0.02980 298.46 325.28 1.0819 

100 0.03519 308.93 337.08 1.1227 0.03095 308.11 335.96 1.1109 

110 0.03642 318.57 347.71 1.1508 0.03207 317.82 346.68 1.1392 

120 0.03762 328.31 358.40 1.1784 0.03316 327.62 357.47 1.1670 

130 0.03881 338.14 369.19 1.2055 0.03423 337.52 368.33 1.1943 

140 0.03997 348.09 380.07 1.2321 0.03529 347.51 379.27 1.2211 

150 0.04113 358.15 391.05 1.2584 0.03633 357.61 390.31 1.2475 

160 0.04227 368.32 402.14 1.2843 0.03736 367.82 401.44 1.2735 

170 0.04340 378.61 413.33 1.3098 0.03838 378.14 412.68 1.2992 

180 0.04452 389.02 424.63 1.3351 0.03939 388.57 424.02 1.3245 

P=1.00 MPa (39.39 °C) Р = 1.20 MPa (46.32 °C) 

Sat. 0.02020 247.77 267.97 0.9043 0.01663 251.03 270.99 0.9023 
40 0.02029 248.39 268.68 0.9066 
50 0.02171 258.48 280.19 0.9428 0.01712 254.98 275.52 0.9164 
60 0.02301 268.35 291.36 0.9768 0.01835 265.42 287.44 0.9527 
70 0.02423 278.11 302.34 1.0093 0.01947 275.59 298.96 0.9868 
80 0.02538 287.82 313.20 1.0405 0.02051 285.62 310.24 1.0192 
90 0.02649 297.53 324.01 1.0707 0.02150 295.59 321.39 1.0503 

100 0.02755 307.27 334.82 1.1000 0.02244 305.54 332.47 1.0804 

110 0.02858 317.06 345.65 1.1286 0.02335 315.50 343.52 1.1096 

120 0.02959 326.93 356.52 1.1567 0.02423 325.51 354.58 1.1381 

130 0.03058 336.88 367.46 1.1841 0.02508 335.58 365.68 1.1660 

140 0.03154 346.92 378.46 1.2111 0.02592 345.73 376.83 1.1933 

150 0.03250 357.06 389.56 1.2376 0.02674 355.95 388.04 1.2201 

160 0.03344 367.31 400.74 1.2638 0.02754 366.27 399.33 1.2465 

170 0.03436 377.66 412.02 1.2895 0.02834 376.69 410.70 1.2724 

180 0.03528 388.12 423.40 1.3149 0.02912 387.21 422.16 1.2980 

Р = 1.40 MPa (52.43 °C) Р = 1.60 MPa (57.92 °C) 

Sat. 0.01405 253.74 273.40 0.9003 0.01208 256.00 275.33 0.8982 
60 0.01495 262.17 283.10 0.9297 0.01233 258.48 278.20 0.9069 
70 0.01603 272.87 295.31 0.9658 0.01340 269.89 291.33 0.9457 
80 0.01701 283.29 307.10 0.9997 0.01435 280.78 303.74 0.9813 
90 0.01792 293.55 318.63 1.0319 0.01521 291.39 315.72 1.0148 

100 0.01878 303.73 330.02 1.0628 0.01601 301.84 327.46 1.0467 

110 0.01960 313.88 341.32 1.0927 0.01677 312.20 339.04 1.0773 

120 0.02039 324.05 352.59 1.1218 0.01750 322.53 350.53 1.1069 

130 0.02115 334.25 363.86 1.1501 0.01820 332.87 361.99 1.1357 

140 0.02189 344.50 375.15 1.1777 0.01887 343.24 373.44 1.1638 

150 0.02262 354.82 386.49 1.2048 0.01953 353.66 384.91 1.1912 

160 0.02333 365.22 397.89 1.2315 0.02017 364.15 396.43 1.2181 

170 0.02403 375.71 409.36 1.2576 0.02080 374.71 407.99 1.2445 

180 0.02472 386.29 420.90 1.2834 0.02142 385.35 419.62 1.2704 

190 0.02541 396.96 432.53 1.3088 0.02203 396.08 431.33 1.2960 

200 0.02608 407.73 444.24 1.3338 0.02263 406.90 443.11 1.3212 
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Table D-1E Properties of Saturated R134a—Temperature Table 
Specific Volume Internal Energy Enthalpy Entropy 
Лып Btu/lbm Btu/lbm Btu/Ibm-°R 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 

Temp. Pressure Liquid Vapor Liquid Vapor Liquid ^ Evap. Vapor Liquid Vapor 

°F psia у; v, и, и, һ, hip h, 5; 5, 
-40 7.490 0.01130 5.7173 —0.02 87.90 0.00 95.82 95.82 0.0000 0.2283 
-30 9.920 0.01143 4.3911 2.81 89.26 2.83 94.49 97.32 0.0067 0.2266 
-20 12.949 0.01156 3.4173 5.69 90.62 5.71 93.10 98.81 0.0133 0.2250 
-15 14.718 0.01163 3.0286 7.14 91.30 7.17 92.38 99.55 0.0166 0.2243 
-10 16.674 0.01170 2.6918 8.61 91.98 8.65 91.64 100.29 0.0199 0.2236 
—5 18.831 0.01178 2.3992 10.09 92.66 10.13 90.89 101.02 0.0231 0.2230 
0 21.203 0.01185 2.1440 11.58 93.33 11.63 90.12 101.75 0.0264 0.2224 
5 23.805 0.01193 1.9208 13.09 94.01 13.14 89.33 102.47 0.0296 0.2219 
10 26.651 0.01200 1.7251 14.60 94.68 14.66 88.53 103.19 0.0329 0.2214 
15 29.756 0.01208 1.5529 16.13 95.35 16.20 87.71 103.90 0.0361 0.2209 
20 33.137 0.01216 1.4009 17.67 96.02 17.74 86.87 104.61 0.0393 0.2205 
25 36.809 0.01225 1.2666 19.22 96.69 19.30 86.02 105.32 0.0426 0.2200 
30 40.788 0.01233 1.1474 20.78 97.35 20.87 85.14 106.01 0.0458 0.2196 
40 49.738 0.01251 0.9470 23.94 98.67 24.05 83.34 107.39 0.0522 0.2189 
50 60.125 0.01270 0.7871 27.14 99.98 27.28 81.46 108.74 0.0585 0.2183 
60 72.092 0.01290 0.6584 30.39 101.27 30.56 79.49 110.05 0.0648 0.2178 
70 85.788 0.01311 0.5538 33.68 102.54 33.89 77.44 111.33 0.0711 0.2173 
80 101.37 0.01334 0.4682 37.02 103.78 37.27 75.29 112.56 0.0774 0.2169 
85 109.92 0.01346 0.4312 38.72 104.39 38.99 74.17 113.16 0.0805 0.2167 
90 118.99 0.01358 0.3975 40.42 105.00 40.72 73.03 113.75 0.0836 0.2165 
95 128.62 0.01371 0.3668 42.14 105.60 42.47 71.86 114.33 0.0867 0.2163 
100 138.83 0.01385 0.3388 43.87 106.18 44.23 70.66 114.89 0.0898 0.2161 
105 149.63 0.01399 0.3131 45.62 106.76 46.01 69.42 115.43 0.0930 0.2159 
110 161.04 0.01414 0.2896 47.39 107.33 47.81 68.15 115.96 0.0961 0.2157 
115 173.10 0.01429 0.2680 49.17 107.88 49.63 66.84 116.47 0.0992 0.2155 
120 185.82 0.01445 0.2481 50.97 108.42 51.47 65.48 116.95 0.1023 0.2153 
140 243.86 0.01520 0.1827 58.39 110.41 59.08 59.57 118.65 0.1150 0.2143 
160 314.63 0.01617 0.1341 66.26 111.97 67.20 52.58 119.78 0.1280 0.2128 
180 400.22 0.01758 0.0964 74.83 112.77 76.13 43.78 119.91 0.1417 0.2101 
200 503.52 0.02014 0.0647 84.90 111.66 86.77 30.92 117.69 0.1575 0.2044 
210 563.51 0.02329 0.0476 91.84 108.48 94.27 19.18 113.45 0.1684 0.1971 


Source: Table D-1E through D-3E are based on equations from D. P. Wilson and К. S. Basu, “Thermodynamic Properties of а New 
Stratospherically Safe Working Fluid—Refrigerant 134a," ASHRAE Trans., Vol. 94, Pt. 2, 1988, рр. 2095-2118. 
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Table D-2E Properties of Saturated R134a—Pressure Table 


Specific Volume Internal Energy Enthalpy Entropy 
Лып Btu/lIbm Btu/lbm Btu/lIbm- ^R 
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 
Pressure Temp Liquid Vapor Liquid Vapor Liquid Еуар. Vapor Liquid Vapor 
psia °F ГА v, и, и, һ, hip h, 5, 5, 

5 —53.48 0.01113 8.3508 -3.74 86.07 -3.73 97.53 93.79 -0.0090 0.2311 
10 -29.71 0.01143 4.3581 2.89 89.30 2.91 94.45 97.37 0.0068 0.2265 
15 —14.25 0.01164 2.9747 7.36 91.40 7.40 92.27 99.66 0.0171 0.2242 
20 -2.48 0.01181 2.2661 10.84 93.00 10.89 90.50 101.39 0.0248 0.2227 
30 15.38 0.01209 1.5408 16.24 95.40 16.31 87.65 103.96 0.0364 0.2209 
40 29.04 0.01232 1.1692 20.48 97.23 20.57 85.31 105.88 0.0452 0.2197 
50 40.27 0.01252 0.9422 24.02 98.71 24.14 83.29 107.43 0.0523 0.2189 
60 49.89 0.01270 0.7887 27.10 99.96 27.24 81.48 108.72 0.0584 0.2183 
70 58.35 0.01286 0.6778 29.85 101.05 30.01 79.82 109.83 0.0638 0.2179 
80 65.93 0.01302 0.5938 32.33 102.02 32.53 78.28 110.81 0.0686 0.2175 
90 72.83 0.01317 0.5278 34.62 102.89 34.84 76.84 111.68 0.0729 0.2172 

100 79.17 0.01332 0.4747 36.75 103.68 36.99 75.47 112.46 0.0768 0.2169 
120 90.54 0.01360 0.3941 40.61 105.06 40.91 72.91 113.82 0.0839 0.2165 
140 100.56 0.01386 0.3358 44.07 106.25 44.43 70.52 114.95 0.0902 0.2161 
160 109.56 0.01412 0.2916 47.23 107.28 47.65 68.26 115.91 0.0958 0.2157 
180 117.74 0.01438 0.2569 50.16 108.18 50.64 66.10 116.74 0.1009 0.2154 
200 125.28 0.01463 0.2288 52.90 108.98 53.44 64.01 117.44 0.1057 0.2151 
220 132.27 0.01489 0.2056 55.48 109.68 56.09 61.96 118.05 0.1101 0.2147 
240 138.79 0.01515 0.1861 57.93 110.30 58.61 59.96 118.56 0.1142 0.2144 
260 144.92 0.01541 0.1695 60.28 110.84 61.02 57.97 118.99 0.1181 0.2140 
280 150.70 0.01568 0.1550 62.53 111.31 63.34 56.00 119.35 0.1219 0.2136 
300 156.17 0.01596 0.1424 64.71 111.72 65.59 54.03 119.62 0.1254 0.2132 
350 168.72 0.01671 0.1166 69.88 112.45 70.97 49.03 120.00 0.1338 0.2118 
400 179.95 0.01758 0.0965 74.81 112.77 76.11 43.80 119.91 0.1417 0.2102 
450 190.12 0.01863 0.0800 79.63 112.60 81.18 38.08 119.26 0.1493 0.2079 
500 199.38 0.02002 0.0657 84.54 111.76 86.39 31.44 117.83 0.1570 0.2047 
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Table D-3E Superheated R134a Vapor 


TL?F її Лып и Btullbm h, Btu/lbm 5, Btu/Ibm-R  v,ft/lbm и Btu/lbm h, Btu/Ibm s, Btu/Ibm-?^R 


P = 10 psia (-29.71 °F) Р = 15 psia (-14.25?F) 
Sat 4.3581 89.30 97.37 0.2265 2.9747 91.40 99.66 0.2242 
20 4.4718 90.89 99.17 0.2307 
0 47026 94.24 102.94 0.2391 3.0893 93.84 102.42 0.2303 
20 4.9297 97.67 106.79 0.2472 3.2468 97.33 106.34 0.2386 
40 5.1539 101.19 110.72 0.2553 3.4012 100.89 110.33 0.2468 
60 5.3758 104.80 114.74 0.2632 3.5533 104.54 114.40 0.2548 
80 5.5959 108.50 118.85 0.2709 3.7034 108.28 118.56 0.2626 
100 5.8145 112.29 123.05 0.2786 3.8520 112.10 122.79 0.2703 
120 6.0318 116.18 127.34 0.2861 3.9993 116.01 127.11 0.2779 
140 6.2482 120.16 131.72 0.2935 4.1456 120.00 131.51 0.2854 
160 6.4638 124.23 136.19 0.3009 4.2911 124.09 136.00 0.2927 
180 6.6786 128.38 140.74 0.3081 4.4359 128.26 140.57 0.3000 
200 6.8929 132.63 145.39 0.3152 4.5801 132.52 145.23 0.3072 
P = 20 psia (2.48 °F) Р = 30 psia (15.38 °F) 
Sat. 2.2661 93.00 101.39 0.2227 1.5408 95.40 103.96 0.2209 
0 22816 93.43 101.88 0.2238 
20 2.4046 96.98 105.88 0.2323 1.5611 96.26 104.92 0.2229 
40 2.5244 100.59 109.94 0.2406 1.6465 99.98 109.12 0.2315 
60 2.6416 104.28 114.06 0.2487 1.7293 103.75 113.35 0.2398 
80 2.7569 108.05 118.25 0.2566 1.8098 107.59 117.63 0.2478 
100 2.8705 111.90 122.52 0.2644 1.8887 111.49 121.98 0.2558 
120 2.9829 115.83 126.87 0.2720 1.9662 115.47 126.39 0.2635 
140 3.0942 119.85 131.30 0.2795 2.0426 119.53 130.87 0.2711 
160 3.2047 123.95 135.81 0.2869 2.1181 123.66 135.42 0.2786 
180 3.3144 128.13 140.40 0.2922 2.1929 127.88 140.05 0.2859 
200 3.4236 132.40 145.07 0.3014 2.2671 132.17 144.76 0.2932 
220 3.5323 136.76 149.83 0.3085 2.3407 136.55 149.54 0.3003 
Р = 40 psia (29.04 °F) Р = 50 psia (40.27 °F) 
Sat. 1.1692 97.23 105.88 0.2197 0.9422 98.71 107.43 0.2189 
40 1.2065 99.33 108.26 0.2245 
60 1.2723 103.20 112.62 0.2331 0.9974 102.62 111.85 0.2276 
80 1.3357 107.11 117.00 0.2414 1.0508 106.62 116.34 0.2361 
100 1.3973 111.08 121.42 0.2494 1.1022 110.65 120.85 0.2443 
120 1.4575 115.11 125.90 0.2573 1.1520 114.74 125.39 0.2523 
140 1.5165 119.21 130.43 0.2650 1.2007 118.88 129.99 0.2601 
160 1.5746 123.38 135.03 0.2725 1.2484 123.08 134.64 0.2677 
180 1.6319 127.62 139.70 0.2799 1.2953 127.36 139.34 0.2752 
200 1.6887 131.94 144.44 0.2872 1.3415 131.71 144.12 0.2825 
220 1.7449 136.34 149.25 0.2944 1.3873 136.12 148.96 0.2897 
240 1.8006 140.81 154.14 0.3015 1.4326 140.61 153.87 0.2969 
260 1.8561 145.36 159.10 0.3085 1.4775 145.18 158.85 0.3039 


280 1.9112 149.98 164.13 0.3154 1.5221 149.82 163.90 0.3108 
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Table D-3E (Continued) 


T°F Лып и, Btu/lbm A, Btu/lbm s, Btu/lbm-°R v, ЛЫП и, Btu/lbm h, Btu/lbm 5, Btu/lbm-°R 


Р = 60 psia (49.89 °F) Р = 70 psia (58.35 °F) 

Sat. 0.7887 99.96 108.72 0.2183 0.6778 101.05 109.83 0.2179 
60 0.8135 102.03 111.06 0.2229 0.6814 101.40 110.23 0.2186 
80 0.8604 106.11 115.66 0.2316 0.7239 105.58 114.96 0.2276 

100 0.9051 110.21 120.26 0.2399 0.7640 109.76 119.66 0.2361 

120 0.9482 114.35 124.88 0.2480 0.8023 113.96 124.36 0.2444 

140 0.9900 118.54 129.53 0.2559 0.8393 118.20 129.07 0.2524 

160 1.0308 122.79 134.23 0.2636 0.8752 122.49 133.82 0.2601 

180 1.0707 127.10 138.98 0.2712 0.9103 126.83 138.62 0.2678 

200 1.1100 131.47 143.79 0.2786 0.9446 131.23 143.46 0.2752 

220 1.1488 135.91 148.66 0.2859 0.9784 135.69 148.36 0.2825 

240 1.1871 140.42 153.60 0.2930 1.0118 140.22 153.33 0.2897 

260 1.2251 145.00 158.60 0.3001 1.0448 144.82 158.35 0.2968 

280 1.2627 149.65 163.67 0.3070 1.0774 149.48 163.44 0.3038 

300 1.3001 154.38 168.81 0.3139 1.1098 154.22 168.60 0.3107 

P = 80 psia (65.93 °F) P = 90 psia (72.83 °F) 

Sat. 0.5938 102.02 110.81 0.2175 0.5278 102.89 111.68 0.2172 
80 0.6211 105.03 114.23 0.2239 0.5408 104.46 113.47 0.2205 

100 0.6579 109.30 119.04 0.2327 0.5751 108.82 118.39 0.2295 

120 0.6927 113.56 123.82 0.2411 0.6073 113.15 123.27 0.2380 

140 0.7261 117.85 128.60 0.2492 0.6380 117.50 128.12 0.2463 

160 0.7584 122.18 133.41 0.2570 0.6675 121.87 132.98 0.2542 

180 0.7898 126.55 138.25 0.2647 0.6961 126.28 137.87 0.2620 

200 0.8205 130.98 143.13 0.2722 0.7239 130.73 142.79 0.2696 

220 0.8506 135.47 148.06 0.2796 0.7512 135.25 147.76 0.2770 

240 0.8803 140.02 153.05 0.2868 0.7779 139.82 152.77 0.2843 

260 0.9095 144.63 158.10 0.2940 0.8043 144.45 157.84 0.2914 

280 0.9384 149.32 163.21 0.3010 0.8303 149.15 162.97 0.2984 

300 0.9671 154.06 168.38 0.3079 0.8561 153.91 168.16 0.3054 

320 0.9955 158.88 173.62 0.3147 0.8816 158.73 173.42 0.3122 

Р = 100 psia (79.17 °F) Р = 120 psia (90.54? F) 

Sat. 0.4747 103.68 112.46 0.2169 0.3941 105.06 113.82 0.2165 
80 0.4761 103.87 112.68 0.2173 

100 0.5086 108.32 117.73 0.2265 0.4080 107.26 116.32 0.2210 

120 0.5388 112.73 122.70 0.2352 0.4355 111.84 121.52 0.2301 

140 0.5674 117.13 127.63 0.2436 0.4610 116.37 126.61 0.2387 

160 0.5947 121.55 132.55 0.2517 0.4852 120.89 131.66 0.2470 

180 0.6210 125.99 137.49 0.2595 0.5082 125.42 136.70 0.2550 

200 0.6466 130.48 142.45 0.2671 0.5305 129.97 141.75 0.2628 

220 0.6716 135.02 147.45 0.2746 0.5520 134.56 146.82 0.2704 

240 0.6960 139.61 152.49 0.2819 0.5731 139.20 151.92 0.2778 

260 0.7201 144.26 157.59 0.2891 0.5937 143.89 157.07 0.2850 

280 0.7438 148.98 162.74 0.2962 0.6140 148.63 162.26 0.2921 

300 0.7672 153.75 167.95 0.3031 0.6339 153.43 167.51 0.2991 


320 0.7904 158.59 173.21 0.3099 0.6537 158.29 172.81 0.3060 
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Table D-3E (Continued) 


TL?F Лып u, Btulbm A, Btu/lbm s, Btu/lbm-°R  v,ft/lbm и, Btu/llbm А, Btu/lbm s, Btu/lbm-°R 


P = 140 psia (100.6 °F) P = 160 psia (109.6 °F) 
Sat. 0.3358 106.25 114.95 0.2161 0.2916 107.28 115.91 0.2157 
120 0.3610 110.90 120.25 0.2254 0.3044 109.88 118.89 0.2209 
140 0.3846 115.58 125.54 0.2344 0.3269 114.73 124.41 0.2303 
160 0.4066 120.21 130.74 0.2429 0.3474 119.49 129.78 0.2391 
180 0.4274 124.82 135.89 0.2511 0.3666 124.20 135.06 0.2475 
200 0.4474 129.44 141.03 0.2590 0.3849 128.90 140.29 0.2555 
220 0.4666 134.09 146.18 0.2667 0.4023 133.61 145.52 0.2633 
240 0.4852 138.77 151.34 0.2742 0.4192 138.34 150.75 0.2709 
260 0.5034 143.50 156.54 0.2815 0.4356 143.11 156.00 0.2783 
280 0.5212 148.28 161.78 0.2887 0.4516 147.92 161.29 0.2856 
300 0.5387 153.11 167.06 0.2957 0.4672 152.78 166.61 0.2927 
320 0.5559 157.99 172.39 0.3026 0.4826 157.69 171.98 0.2996 
340 0.5730 162.93 177.78 0.3094 0.4978 162.65 177.39 0.3065 
360 0.5898 167.93 183.21 0.3162 0.5128 167.67 182.85 0.3132 

Р = 180 psia (117.7 °F) Р = 200 psia (125.3 °F) 
Sat. 0.2569 108.18 116.74 0.2154 0.2288 108.98 117.44 0.2151 
120 0.2595 108.77 117.41 0.2166 
140 0.2814 113.83 123.21 0.2264 0.2446 112.87 121.92 0.2226 
160 0.3011 118.74 128.77 0.2355 0.2636 117.94 127.70 0.2321 
180 0.3191 123.56 134.19 0.2441 0.2809 122.88 133.28 0.2410 
200 0.3361 128.34 139.53 0.2524 0.2970 127.76 138.75 0.2494 
220 0.3523 133.11 144.84 0.2603 0.3121 132.60 144.15 0.2575 
240 0.3678 137.90 150.15 0.2680 0.3266 137.44 149.53 0.2653 
260 0.3828 142.71 155.46 0.2755 0.3405 142.30 154.90 0.2728 
280 0.3974 147.55 160.79 0.2828 0.3540 147.18 160.28 0.2802 
300 0.4116 152.44 166.15 0.2899 0.3671 152.10 165.69 0.2874 
320 0.4256 157.38 171.55 0.2969 0.3799 157.07 171.13 0.2945 
340 0.4393 162.36 177.00 0.3038 0.3926 162.07 176.60 0.3014 
360 0.4529 167.40 182.49 0.3106 0.4050 167.13 182.12 0.3082 

P = 300 psia (156.2 °F) P = 400 psia (179.9 °F) 
Sat. 0.1424 111.72 119.62 0.2132 0.0965 112.77 119.91 0.2102 
160 0.1462 112.95 121.07 0.2155 
180 0.1633 118.93 128.00 0.2265 0.0965 112.79 119.93 0.2102 
200 0.1777 124.47 134.34 0.2363 0.1143 120.14 128.60 0.2235 
220 0.1905 129.79 140.36 0.2453 0.1275 126.35 135.79 0.2343 
240 0.2021 134.99 146.21 0.2537 0.1386 132.12 142.38 0.2438 
260 0.2130 140.12 151.95 0.2618 0.1484 137.65 148.64 0.2527 
280 0.2234 145.23 157.63 0.2696 0.1575 143.06 154.72 0.2610 
300 0.2333 150.33 163.28 0.2772 0.1660 148.39 160.67 0.2689 
320 0.2428 155.44 168.92 0.2845 0.1740 153.69 166.57 0.2766 
340 0.2521 160.57 174.56 0.2916 0.1816 158.97 172.42 0.2840 
360 0.2611 165.74 180.23 0.2986 0.1890 164.26 178.26 0.2912 
380 0.2699 170.94 185.92 0.3055 0.1962 169.57 184.09 0.2983 


400 0.2786 176.18 191.64 0.3122 0.2032 174.90 189.94 0.3051 


Т, К 


200 
220 
240 
260 
280 
290 
300 
310 
320 
340 
360 
380 
400 
420 
440 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 
720 
740 
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deal-Gas Tables 


h, kJ/kg 


199.97 
219.97 
240.02 
260.09 
280.13 
290.16 
300.19 
310.24 
320.29 
340.42 
360.58 
380.77 
400.98 
421.26 
441.61 
462.02 
482.49 
503.02 
523.63 
544.35 
565.17 
586.04 
607.02 
628.07 
649.22 
670.47 
691.82 
713.27 
734.82 
756.44 


Р, 
0.3363 
0.4690 
0.6355 
0.8405 
1.0889 
1.2311 
1.3860 
1.5546 
1.7375 
2.149 
2.626 
3.176 
3.806 
4.522 
5.332 
6.245 
7.268 
8.411 
9.684 

11.10 

12.66 

14.38 

16.28 

18.36 

20.65 

23.13 

25.85 

28.80 

32.02 

35.50 


и, kJ/kg 


142.56 
156.82 
171.13 
185.45 
199.75 
206.91 
214.07 
221.25 
228.43 
242.82 
257.24 
271.69 
286.16 
300.69 
315.30 
329.97 
344.70 
359.49 
374.36 
389.34 
404.42 
419.55 
434.78 
450.09 
465.05 
481.01 
496.62 
512.33 
528.14 
544.02 


Table E-1 Properties of Air 


v 


T 


1707 
1346 
1084 
887.8 
738.0 
676.1 
621.2 
572.3 
528.6 
454.1 
393.4 
343.4 
301.6 
266.6 
236.8 
211.4 
189.5 
170.6 
154.1 
139.7 
127.0 
115.7 
105.8 
96.92 
88.99 
81.89 
75.50 
69.76 
64.53 
59.82 


5°, kI/kg-K 


1.29559 
1.39105 
1.47824 
1.55848 
1.63279 
1.66802 
1.70203 
1.73498 
1.76690 
1.82790 
1.88543 
1.94001 
1.99194 
2.04142 
2.08870 
2.13407 
2.17760 
2.21952 
2.25997 
2.29906 
2.33685 
2.37348 
2.40902 
2.44356 
2.47716 
2.50985 
2.54175 
2.57277 
2.60319 
2.63280 


Т, К 


780 

820 

860 

900 

940 

980 
1020 
1060 
1100 
1140 
1180 
1220 
1260 
1300 
1340 
1380 
1420 
1460 
1500 
1540 
1580 
1620 
1660 
1700 
1800 
1900 
2000 
2100 
2200 


h, kJ/kg 


800.03 
843.98 
888.27 
932.93 
977.92 
1023.25 
1068.89 
1114.86 
1161.07 
1207.57 
1254.34 
1301.31 
1348.55 
1395.97 
1443.60 
1491.44 
1539.44 
1587.63 
1635.97 
1684.51 
1733.17 
1782.00 
1830.96 
1880.1 
2003.3 
2127.4 
2252.1 
2377.4 
2503.2 


u, kJ/kg 


576.12 
608.59 
641.40 
674.58 
708.08 
741.98 
776.10 
810.62 
845.33 
880.35 
915.57 
951.09 
986.90 
1022.82 
1058.94 
1095.26 
1131.77 
1168.49 
1205.41 
1242.43 
1279.65 
1316.96 
1354.48 
1392.7 
1487.2 
1582.6 
1678.7 
1775.3 
1872.4 


5°, kJ/kg.K 


2.69013 
2.74504 
2.79783 
2.84856 
2.89748 
2.94468 
2.99034 
3.03449 
3.07732 
3.11883 
3.15916 
3.19834 
3.23638 
3.27345 
3.30959 
3.34474 
3.37901 
3.41247 
3.44516 
3.47712 
3.50829 
3.53879 
3.56867 
3.5979 

3.6684 

3.7354 

3.7994 

3.8605 

3.9191 


Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
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Table E-2 Molar Properties of Nitrogen, N, 


ћо = OkJ/kmol 

Т, К h, kJ/kmol ii, kJ/kmol 5,° kJ/kmol-K T,K h, kJ/kmol ii, kI/kmol 5,° kJ/kmol-K 

0 0 0 0 1000 30129 21815 228.057 
220 6391 4562 182.639 1020 30784 22 304 228.706 
240 6975 4979 185.180 1040 31442 22795 229.344 
260 7558 5396 187.514 1060 32101 23 288 229.973 
280 8 141 5813 189.673 1080 32762 23782 230.591 
298 8669 6190 191.502 1100 33426 24280 231.199 
300 8723 6229 191.682 1120 34092 24780 231.799 
320 9306 6645 193.562 1140 34760 25282 232.391 
340 9888 7061 195.328 1160 35 430 25 786 232.973 
360 10471 7478 196.995 1180 36 104 26291 233.549 
380 11055 7895 198.572 1200 36777 26 799 234.115 
400 11640 8314 200.071 1240 38129 27819 235.223 
420 12225 8733 201.499 1260 38 807 28331 235.766 
440 12811 9153 202.863 1280 39488 28845 236.302 
460 13 399 9574 204.170 1300 40170 29361 236.831 
480 13988 9997 205.424 1320 40853 29878 237.353 
500 14581 10423 206.630 1340 41539 30 398 237.867 
520 15172 10848 207.792 1360 42227 30919 238.376 
540 15766 11277 208.914 1380 42915 31441 238.878 
560 16363 11707 209.999 1400 43605 31964 239.375 
580 16962 12139 211.049 1440 44988 33014 240.350 
600 17563 12574 212.066 1480 46377 34071 241.301 
620 18 166 13011 213.055 1520 47771 35 133 242.228 
640 18772 13 450 214.018 1560 49 168 36 197 243.137 
660 19380 13892 214.954 1600 50571 37 268 244.028 
680 19991 14337 215.866 1700 54099 39 965 246.166 
700 20 604 14784 216.756 1800 57651 42 685 248.195 
720 21220 15234 217.624 1900 61220 45423 250.128 
740 21839 15686 218.472 2000 64810 48 181 251.969 
760 22 460 16141 219.301 2100 68417 50957 253.726 
780 23 085 16599 220.113 2200 72040 53749 255.412 
800 23714 17061 220.907 2300 75 676 56553 257.02 
820 24342 17524 221.684 2400 79 320 59366 258.580 
840 24974 17990 222.447 2500 82981 62195 260.073 
860 25610 18459 223.194 2600 86650 65 033 261.512 
880 26248 18931 223.927 2700 90328 67880 262.902 
900 26890 19407 224.647 2800 94014 70734 264.241 
920 27532 19883 225.353 2900 97705 73 593 265.538 
940 28178 20362 226.047 3000 101 407 76 464 266.793 
960 28 826 20 844 226.728 3100 105 115 79 341 268.007 
980 29 476 21328 227.398 3200 108 830 82 224 269.186 


Source: JANAF Thermochemical Tables, NSRDS-NBS-37, 1971. 
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Table E-3 Molar Properties of Oxygen, O, 
h*,— OkJ/kmol 
T h ü ге Т h й ге 

0 0 0 0 1020 32088 23607 244.164 
220 6404 4575 196.171 1040 32789 24142 244.844 
240 6984 4989 198.696 1060 33490 24677 245.513 
260 7566 5405 201.027 1080 34194 25214 246.171 
280 8150 5822 203.191 1100 34899 25753 246.818 
298 8682 6203 205.033 1120 35606 26294 247.454 
300 8736 6242 205.213 1140 36314 26836 248.081 
320 9325 6664 207.112 1160 37023 27379 248.698 
340 9916 7 090 208.904 1180 37734 27923 249.307 
360 10511 7518 210.604 1200 38447 28469 249.906 
380 11109 7949 212.222 1220 39 162 29018 250.497 
400 11711 8384 213.765 1240 39877 29568 251.079 
420 12314 8822 215.241 1260 40594 30118 251.653 
440 12923 9264 216.656 1280 41312 30670 252.219 
460 13535 9710 218.016 1300 42 033 31224 252.T16 
480 14151 10160 219.326 1320 42753 31778 253.325 
500 14770 10614 220.589 1340 43 475 32 334 253.868 
520 15395 11071 221.812 1360 44 198 32891 254.404 
540 16022 11533 222.997 1380 44 923 33449 254.932 
560 16654 11998 224.146 1400 45 648 34008 255.454 
580 17290 12467 225.262 1440 47102 35129 256.475 
600 17929 12940 226.346 1480 48561 36256 257.474 
620 18572 13417 227.400 1520 50 024 37387 258.450 
640 19219 13898 228.429 1540 50756 37952 258.928 
660 19870 14383 229.430 1560 51490 38520 259.402 
680 20524 14871 230.405 1600 52961 39658 260.333 
700 21184 15364 231.358 1700 56652 42517 262.571 
720 21845 15859 232.291 1800 60371 45405 264.701 
740 22510 16357 233.201 1900 64116 48319 266.722 
760 23178 16859 234.091 2000 67881 51253 268.655 
780 23850 17364 234.960 2100 71 668 54208 270.504 
800 24523 17872 235.810 2200 75 484 57192 272.278 
820 25199 18382 236.644 2300 79316 60 193 273.981 
840 25877 18 893 237.462 2400 83 174 63219 275.625 
860 26559 19 408 238.264 2500 87057 66 271 277.207 
880 27 242 19925 239.051 2600 90956 69 339 278.738 
900 27928 20445 239.823 2700 94 881 72433 280.219 
920 28616 20967 240.580 2800 98 826 75 546 281.654 
940 29 306 21491 241.323 2900 102 793 78 682 283.048 
960 29999 22017 242.052 3000 106 780 81837 284.399 
980 30692 22544 242.768 3100 110784 85 009 285.713 
1000 31389 23075 243.471 3200 114 809 88203 286.989 


Source: JANAF Thermochemical Tables, NSRDS-NBS-37, 1971. 
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Table E-4 Molar Properties of Carbon Dioxide, CO, 
he, = – 393 520 kJ/kmol 

Т ћ ü 5° T h it 5° 

0 0 0 0 1020 43 859 35378 270.293 
220 6601 4772 202.966 1040 44953 36306 271.354 
240 7280 5285 205.920 1060 46051 37238 272.400 
260 7979 5817 208.717 1080 47 153 38174 273.430 
280 8697 6369 211.376 1100 48 258 39112 274.445 
298 9364 6885 213.685 1120 49369 40057 275.444 
300 9431 6939 213.915 1140 50484 41006 276.430 
320 10186 7526 216.351 1160 51602 41957 277.403 
340 10959 8131 218.694 1180 52724 42913 278.361 
360 11748 8752 220.948 1200 53 848 43871 279.307 
380 12552 9392 223.122 1220 54977 44834 280.238 
400 13372 10046 225.225 1240 56108 45799 281.158 
420 14206 10714 227.258 1260 57244 46768 282.066 
440 15 054 11393 229.230 1280 58 381 47739 282.962 
460 15916 12091 231.144 1300 59522 48 713 283.847 
480 16791 12800 233.004 1320 60 666 49691 284.722 
500 17678 13521 234.814 1340 61813 50672 285.586 
520 18576 14253 236.575 1360 62 963 51656 286.439 
540 19 485 14996 238.292 1380 64116 52 643 287.283 
560 20407 15751 239.962 1400 65271 53 631 288.106 
580 21337 16515 241.602 1440 67586 55614 289.743 
600 22280 17291 243.199 1480 69911 57 606 291.333 
620 23231 18076 244.758 1520 72246 59 609 292.888 
640 24 190 18869 246.282 1560 74 590 61620 294.411 
660 25160 19672 247.773 1600 76944 63741 295.901 
680 26 138 20 484 249.233 1700 82856 68721 299.482 
700 27 125 21305 250.663 1800 88 806 73 840 302.884 
720 28121 22134 252.065 1900 94 793 78996 306.122 
740 29 124 22972 253.439 2000 100 804 84185 309.210 
760 30135 23817 254.787 2100 106 864 89404 312.160 
780 31154 24 669 256.110 2200 112939 94 648 314.988 
800 32179 25527 257.408 2300 119035 99912 317.695 
820 33212 26394 258.682 2400 125 152 105 197 320.302 
840 34251 27267 259.934 2500 131290 110504 322.308 
860 35296 28 125 261.164 2600 137449 115832 325.222 
880 36347 29031 262.371 2700 143 620 121172 327.549 
900 37405 29 922 263.559 2800 149 808 126528 329.800 
920 38 467 30818 264.728 2900 156009 131898 331.975 
940 39 535 31719 265.877 3000 162226 137 283 334.084 
960 40 607 32625 267.007 3100 168456 142681 336.126 
980 41 685 33 537 268.119 3200 174695 148 089 338.109 
1000 42769 34455 269.215 


Source: JANAF Thermochemical Tables, NSRDS-NBS-37, 1971. 
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Table E-5 Molar Properties of Carbon Monoxide, CO 
h°-=—110530kJ/kmol 
T h ü 8? T h ü ғ 

0 0 0 0 1040 31688 23041 235.728 
220 6391 4562 188.683 1060 32357 23544 236.364 
240 6975 4979 191.221 1080 33029 24049 236.992 
260 7558 5396 193.554 1100 33702 24557 237.609 
280 8140 5812 195.713 1120 34377 25 065 238.217 
300 8723 6229 197.723 1140 35054 25575 238.817 
320 9306 6645 199.603 1160 35733 26088 239.407 
340 9889 7062. 201.371 1180 36406 26602 239.989 
360 10473 7480 203.040 1200 27095 27118 240.663 
380 11058 7899 204.622 1220 37780 27 637 241.128 
400 11644 8319 206.125 1240 38 466 28 426 241.686 
420 12232 8 740 207.549 1260 39 154 28 678 242.236 
440 12821 9163 208.929 1280 39 844 29 201 242.780 
460 13412 9587 210.243 1300 40534 29 725 243.316 
480 14 005 10014 211.504 1320 41226 30251 243.844 
500 14600 10443 212.719 1340 41919 30778 244.366 
520 15 197 10874 213.890 1360 42613 31306 244.880 
540 15 797 11307 215.020 1380 43 309 31836 245.388 
560 16 399 11743 216.115 1400 44007 32 367 245.889 
580 17003 12181 217.175 1440 45 408 33 434 246.876 
600 17611 12622 218.204 1480 46813 34 508 247.839 
620 18221 13066 219.205 1520 48 222 35584 248.778 
640 18 833 13512 220.179 1560 49 635 36 665 249.695 
660 19449 13962 221.127 1600 51053 37750 250.592 
680 20 068 14414 222.052 1700 54609 40 474 252.751 
700 20 690 14870 222.953 1800 58191 43 225 254.797 
720 21315 15328 223.833 1900 61794 45 997 256.743 
740 21943 15789 224.692 2000 65 408 48 780 258.600 
760 22573 16255 225.533 2100 69 044 51584 260.370 
780 23 208 16723 226.357 2200 72 688 54396 262.065 
800 23 844 17 193 227.162 2300 76345 57222 263.692 
820 24483 17665 227.952 2400 80015 60 060 265.253 
840 25 124 18 140 228.724 2500 83 692 62 906 266.755 
860 25 768 18617 229.482 2600 87 383 65 766 268.202 
880 26415 19099 230.227 2700 91077 68 628 269.596 
900 27 066 19583 230.957 2800 94784 71504 270.943 
920 27719 20070 231.674 2900 98 495 74 383 272.249 
940 28375 20559 232.379 3000 102210 77267 273.508 
960 29033 21051 233.072 3100 105 939 80 164 274.730 
980 29 693 21545 233.752 3150 107 802 81612 275.326 
1000 30355 22041 234.421 3200 109 667 83 061 275.914 
1020 31020 22540 235.079 


Source: JANAF Thermochemical Tables, NSRDS-NBS-37, 1971. 
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Table E-6 Molar Properties of Water, H,O 
19, = – 241 810 kJ/kmol 

T h it 5° T h it 59 
0 0 0 0 1020 36709 28228 233.415 
220 7295 5466 178.576 1040 37542 28895 234.223 
240 7961 5965 181.471 1060 38380 29567 235.020 
260 8627 6466 184.139 1080 39223 30243 235.806 
280 9296 6968 186.616 1100 40071 30925 236.584 
298 9904 7425 188.720 1120 40923 31611 237.352 
300 9966 7472 188.928 1140 41780 32301 238.110 
320 10639 7978 191.098 1160 42642 32997 238.859 
340 11314 8487 193.144 1180 43509 33698 239.600 
360 11992 8998 195.081 1200 44380 34403 240.333 
380 12672 9513 196.920 1220 45256 35112 241.057 
400 13356 10030 198.673 1240 46137 35827 241.773 
420 14043 10551 200.350 1260 47022 36 546 242.482 
440 14734 11075 201.955 1280 47912 37270 243.183 
460 15 428 11603 203.497 1300 48 807 38 000 243.877 
480 16 126 12 135 204.982 1320 49 707 38 732 244.564 
500 16828 12671 206.413 1340 50612 39 470 245.243 
520 17534 13211 207.799 1360 51521 40 213 245.915 
540 18 245 13755 209.139 1400 53351 41711 247.241 
560 18959 14 303 210.440 1440 55198 43226 248.543 
580 19678 14856 211.702 1480 57062 44756 249.820 
600 20402 15413 212.920 1520 58942 46304 251.074 
620 21130 15975 214.122 1560 60838 47868 252.305 
640 21862 16541 215.285 1600 62748 49445 253.513 
660 22600 17112 216.419 1700 67589 53 455 256.450 
680 23 342 17688 217.527 1800 72513 57547 259.262 
700 24088 18268 218.610 1900 77517 61720 261.969 
720 24 840 18 854 219.668 2000 82593 65 965 264.571 
740 25597 19444 220.707 2100 87735 70275 267.081 
760 26358 20039 221.720 2200 92940 74 649 269.500 
780 27125 20639 222.717 2300 98 199 79 076 271.839 
800 27 896 21245 223.693 2400 103 508 83 553 274.098 
820 28672 21855 224.651 2500 108 868 88082 276.286 
840 29454 22.470 225.592 2600 114273 92 656 278.407 
860 30240 23 090 226.517 2700 119717 97 269 280.462 
880 31032 23715 227.426 2800 125 198 101917 282.453 
900 31828 24345 228.321 2900 130717 106 605 284.390 
920 32629 24980 229.202 3000 136264 111321 286.273 
940 33436 25621 230.070 3100 141846 116072 288.102 

960 34247 26 265 230.924 3150 144648 118458 288.9 
980 35061 26913 231.767 3200 147457 120851 289.884 

1000 35 882 27 568 232.597 3250 150250 123250 290.7 


Source: JANAF Thermochemical Tables, NSRDS-NBS-37, 1971. 
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Table E-1E Properties of Air 


Т, °К h, Btu/Ibm P, u, Btu/Ibm v, 5,? Btu/lbm-°R 
400 95.53 0.4858 68.11 305.0 0.52890 
440 105.11 0.6776 74.93 240.6 0.55172 
480 114.69 0.9182 81.77 193.65 0.57255 
520 124.27 1.2147 88.62 158.58 0.59173 
537 128.10 1.3593 91.53 146.34 0.59945 
540 129.06 1.3860 92.04 144.32 0.60078 
560 133.86 1.5742 95.47 131.78 0.60950 
580 138.66 1.7800 98.90 120.70 0.61793 
600 143.47 2.005 102.34 110.88 0.62607 
620 148.28 2.249 105.78 102.12 0.63395 
640 153.09 2.514 109.21 94.30 0.64159 
660 157.92 2.801 112.67 87.27 0.64902 
680 162.73 3.111 116.12 80.96 0.65621 
700 167.56 3.446 119.58 75.25 0.66321 
720 172.39 3.806 123.04 70.07 0.67002 
740 177.23 4.193 126.51 65.38 0.67665 
760 182.08 4.607 129.99 61.10 0.68312 
780 186.94 5.051 133.47 57.20 0.68942 
800 191.81 5.526 136.97 53.63 0.69558 
820 196.69 6.033 140.47 50.35 0.70160 
840 201.56 6.573 143.98 47.34 0.70747 
860 206.46 7.149 147.50 44.57 0.71323 
880 211.35 7.761 151.02 42.01 0.71886 
900 216.26 8.411 154.57 39.64 0.72438 
920 221.18 9.102 158.12 37.44 0.72979 
940 226.11 9.834 161.68 35.41 0.73509 
960 231.06 10.610 165.26 33.52 0.74030 
980 236.02 11.430 168.83 31.76 0.74540 

1000 240.98 12.298 172.43 30.12 0.75042 

1020 245.97 13.215 176.04 28.59 0.75536 

1040 250.95 14.182 179.66 27.17 0.76019 

1060 255.96 15.203 183.29 25.82 0.76496 

1080 260.97 16.278 186.93 24.58 0.76964 

1100 265.99 17.413 190.58 23.40 0.77426 

1120 271.03 18.604 194.25 22.30 0.77880 

1160 281.14 21.18 201.63 20.293 0.78767 

1200 291.30 24.01 209.05 18.514 0.79628 

1240 301.52 27.13 216.53 16.932 0.80466 

1280 311.79 30.55 244.05 15.518 0.81280 

1320 322.11 34.31 231.63 14.253 0.82075 

1360 332.48 38.41 239.25 13.118 0.82848 

1400 342.90 42.88 246.93 12.095 0.83604 

1440 353.37 47.75 254.66 11.172 0.84341 

1480 363.89 53.04 262.44 10.336 0.85062 

1520 374.47 58.78 270.26 9.578 0.85767 

1560 385.08 65.00 278.13 8.890 0.86456 

1600 395.74 71.73 286.06 8.263 0.87130 

1640 406.45 78.99 294.03 7.691 0.87791 

1680 417.20 86.82 302.04 7.168 0.88439 

1720 428.00 95.24 310.09 6.690 0.89074 

1760 438.83 104.30 318.18 6.251 0.89697 


1800 449.71 114.03 326.32 5.847 0.90308 
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Table E-1E (Continued) 
T,°R h, Btu/Ibm P: u, Btu/Ibm v, 5°, Btu/lbm-°R 
1900 477.09 141.51 346.85 4.974 0.91788 
2000 504.71 174.00 367.61 4.258 0.93205 
2200 560.59 256.6 409.78 3.176 0.95868 
2400 617.22 367.6 452.70 2.419 0.98331 
2600 674.49 513.5 496.26 1.8756 1.00623 
2800 732.33 702.0 540.40 1.4775 1.02767 
3000 790.68 941.4 585.04 1.1803 1.04779 
Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
Table E-2E Molar Properties of Nitrogen, N, 
he = 0Btu/lbmol 
T,°R h, Btu/lbmol i, Btu/lbmol 5°, Btu/lbmol-°R | T,°R h, Btu/lbmol ii, Btu/Ibmol 5°, Btu/Ibmol-?R 
300 2082.0 1486.2 41.695 1100 7695.0 5510.5 50.783 
320 2221.0 1585.5 42.143 1120 7839.3 5615.2 50.912 
340 2360.0 1684.8 42.564 1160 8129.0 5825.4 51.167 
400 2777.0 1982.6 43.694 1200 8420.0 6037.0 51.413 
440 3055.1 2181.3 44.357 1240 8712.6 6250.1 51.653 
480 3333.1 2379.9 44.962 1280 9006.4 6464.5 51.887 
520 3611.3 2578.6 45.519 1320 9301.8 6680.4 52.114 
537 3729.5 2663.1 45.743 1360 9598.6 6897.8 52.335 
540 3750.3 2678.0 45.781 1400 9896.9 7116.7 52.551 
560 3889.5 2777.4 46.034 1440 10196.6 7337.0 52.763 
580 4028.7 2876.9 46.278 1480 10497.8 7558.7 52.969 
600 4167.9 2976.4 46.514 1520 10800.4 7781.9 53.171 
620 4307.1 3075.9 46.742 1560 11104.3 8006.4 53.369 
640 4446.4 3175.5 46.964 1600 11409.7 8232.3 53.561 
660 4585.8 3275.2 47.178 1640 11716.4 8459.6 53.751 
680 4725.3 3374.9 47.386 1680 12024.3 8688.1 53.936 
700 4864.9 3474.8 47.588 1720 12333.7 8918.0 54.118 
720 5004.5 3574.7 47.785 1760 12644.3 9149.2 54.297 
740 5144.3 3674.7 47.977 1800 12956.3 9381.7 54.472 
760 5284.1 3774.9 48.164 1900 13741.6 9968.4 54.896 
780 5424.2 3875.2 48.345 2000 14534.4 10562.6 55.303 
800 5564.4 3975.7 48.522 2200 16139.8 11770.9 56.068 
820 5704.7 4076.3 48.696 2400 17767.9 13001.8 56.777 
840 5845.3 4177.1 48.865 2600 19415.8 14252.5 57.436 
860 5985.9 4278.1 49.031 2800 21081.1 15520.6 58.053 
880 6126.9 4379.4 49.193 3000 22761.5 16803.9 58.632 
900 6268.1 4480.8 49.352 3100 23606.8 17450.6 58.910 
920 6409.6 4582.6 49.507 3200 24455.0 18100.2 59.179 
940 6551.2 4684.5 49.659 3300 25306.0 18752.7 59.442 
960 6693.1 4786.7 49.808 3400 26159.7 19407.7 59.697 
980 6835.4 4889.3 49.955 3600 27874.4 20725.3 60.186 
1000 6977.9 4992.0 50.099 3700 28735.1 21387.4 60.422 
1020 7120.7 5095.1 50.241 3800 29597.9 22051.6 60.562 
1040 7263.8 5198.5 50.380 3900 30462.8 22717.9 60.877 
1060 7407.2 5302.2 50.516 5300 42728.3 32203.2 63.563 
1080 7551.0 5406.2 50.651 5380 43436.0 32752.1 63.695 


Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
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Table E-3E Molar Properties of Oxygen, O, 
he. = 0Btu/lbmol 
T,°R h it 59 T,°R h it 5° 
300 2073.5 1477.8 44.927 1280 9254.6 6712.7 55.386 
320 2212.6 1577.1 45.375 1320 9571.6 6950.2 55.630 
340 2351.7 1676.5 45.797 1360 9890.2 7189.4 55.867 
400 2769.1 1974.8 46.927 1400 10210.4 7430.1 56.099 
420 2908.3 2074.3 47.267 1440 10532.0 7672.4 56.326 
440 3047.5 2173.8 47.591 1480 10855.1 7916.0 56.547 
480 3326.5 2373.3 48.198 1520 11179.6 8161.1 56.763 
520 3606.1 2573.4 48.757 1560 11505.4 8407.4 56.975 
537 3725.1 2658.7 48.982 1600 11832.5 8655.1 57.182 
540 3746.2 2673.8 49.021 1640 12160.9 8904.1 57.385 
560 3886.6 2774.5 49.276 1680 12490.4 9154.1 57.582 
580 4027.3 2875.5 49.522 1720 12821.1 9405.4 57.777 
600 4168.3 2976.8 49.762 1760 13153.0 9657.9 57.968 
620 4309.7 3078.4 49.993 1800 13485.8 9911.2 58.155 
640 4451.4 3180.4 50.218 1900 14322.1 10549.0 58.607 
660 4593.5 3282.9 50.437 2000 15164.0 11192.3 59.039 
680 4736.2 3385.8 50.650 2200 16862.6 12493.7 59.848 
700 4879.3 3489.2 50.858 2400 18579.2 13813.1 60.594 
720 5022.9 3593.1 51.059 2600 20311.4 15148.1 61.287 
740 5167.0 3697.4 51.257 2800 22057.8 16497.4 61.934 
760 5311.4 3802.2 51.450 3000 23817.7 17860.1 62.540 
780 5456.4 3907.5 51.638 3100 24702.5 18546.3 62.831 
800 5602.0 4013.3 51.821 3200 25590.5 19235.7 63.113 
820 5748.1 4119.7 52.002 3300 26481.6 19928.2 63.386 
840 5894.8 4226.6 52.179 3400 27375.9 20623.9 63.654 
860 6041.9 4334.1 52.352 3600 29173.9 22024.8 64.168 
880 6189.6 4442.0 52.522 3700 30077.5 22729.8 64.415 
900 6337.9 4550.6 52.688 3800 30984.1 23437.8 64.657 
920 6486.7 4659.7 52.852 3900 31893.6 24148.7 64.893 
940 6636.1 4769.4 53.012 4100 33721.6 2559.5 65.350 
960 6786.0 4879.5 53.170 4200 34639.9 26299.2 65.571 
980 6936.4 4990.3 53.326 4300 35561.1 27021.9 65.788 
1000 7087.5 5101.6 53.477 4400 36485.0 27747.2 66.000 
1020 7238.9 5213.3 53.628 4600 38341.4 29206.4 66.413 
1040 7391.0 5325.7 53.775 4700 39273.6 29940.0 66.613 
1060 7543.6 5438.6 53.921 4800 40208.6 30676.4 66.809 
1080 7697.8 5552.1 54.064 4900 41146.1 31415.3 67.003 
1100 7850.4 5665.9 54.204 5100 43029.1 32901.2 67.380 
1120 8004.5 5780.3 54.343 5200 43974.3 33647.9 67.562 
1160 8314.2 6010.6 54.614 5300 44922.2 34397.1 67.743 
1200 8625.8 6242.8 54.879 5380 45682.1 34998.1 67.885 
1240 8939.4 6476.9 55.136 


Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
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Table E-4E Molar Properties of Carbon Dioxide, CO, 


he. = —169,300 Btu/Ibmol 


Т, °В ћ it 5° T,°R h it 5° 
300 2108.2 1512.4 46.353 1320 12376.4 9755.0 60.412 
340 2407.3 1732.1 47.289 1340 12617.0 9955.9 60.593 
380 2716.4 1961.8 48.148 1360 12858.5 10157.7 60.772 
420 3035.7 2201.7 48.947 1380 13101.0 10360.5 60.949 
460 3365.7 2452.2 49.698 1400 13344.7 10564.5 61.124 
480 3534.7 2581.5 50.058 1420 13589.1 10769.2 61.298 
500 3706.2 2713.3 50.408 1440 13834.5 10974.8 61.469 
520 3880.3 2847.7 50.750 1460 14080.8 11181.4 61.639 
537 4030.2 2963.8 51.032 1480 14328.0 11388.9 61.808 
540 4056.8 2984.4 51.082 1500 14576.0 11597.2 61.974 
580 4417.2 3265.4 51.726 1520 14824.9 11806.4 62.138 
600 4600.9 3409.4 52.038 1540 15074.7 12016.5 62.302 
620 4786.8 3555.6 52.343 1560 15325.3 12227.3 62.464 
640 4974.9 3704.0 52.641 1580 15576.7 12439.0 62.624 
660 5165.2 3854.6 52.934 1600 15829.0 12651.6 62.783 
680 5357.6 4007.2 53.225 1620 16081.9 12864.8 62.939 
700 5552.0 4161.9 53.503 1640 16335.7 13078.9 63.095 
720 5748.4 4318.6 53.780 1660 16590.2 13293.7 63.250 
740 5946.8 4477.3 54.051 1700 17101.4 13725.4 63.555 
760 6147.0 4637.9 54.319 1800 18391.5 14816.9 64.292 
780 6349.1 4800.1 54.582 1900 19697.8 15924.7 64.999 
800 6552.9 4964.2 54.839 2000 21018.7 17046.9 65.676 
820 6758.3 5129.9 55.093 2100 22352.7 18182.4 66.327 
840 6965.7 5297.6 55.343 2200 23699.0 19330.1 66.953 
860 7174.7 5466.9 55.589 2300 25056.3 20488.8 67.557 
880 7385.3 5637.7 55.831 2400 26424.0 21657.9 68.139 
900 7597.6 5810.3 56.070 2500 27801.2 22836.5 68.702 
920 7811.4 5984.4 56.305 2600 29187.1 24023.8 69.245 
940 8026.8 6160.1 56.536 2700 30581.2 25219.4 69.771 
960 8243.8 6337.4 56.765 2800 31982.8 26422.4 70.282 
980 8462.2 6516.1 56.990 2900 33391.5 27632.5 70.776 

1000 8682.1 6696.2 57.212 3000 34806.6 28849.0 71.255 

1020 8903.4 6877.8 57.432 3100 36227.9 30071.7 71.722 

1040 9126.2 7060.9 57.647 3200 37654.7 31299.9 72.175 

1060 9350.3 7245.3 57.861 3300 39086.7 32533.3 72.616 

1080 9575.8 7431.1 58.072 3400 40523.6 33771.6 73.045 

1100 9802.6 7618.1 58.281 3500 41965.2 35014.7 73.462 

1120 10030.6 7806.4 58.485 3600 43411.0 36261.9 73.870 

1140 10260.1 7996.2 58.689 3700 44860.6 37512.9 74.267 

1160 10490.6 8187.0 58.889 3800 46314.0 38767.7 74.655 

1180 10722.3 8379.0 59.088 3900 47771.0 40026.1 75.033 

1200 10955.3 8572.3 59.283 4000 49231.4 41287.9 75.404 

1220 11189.4 8766.6 59.477 4200 52162.0 43821.4 76.119 

1240 11424.6 8962.1 59.668 4400 55105.1 46367.3 76.803 

1260 11661.0 9158.8 59.858 4600 58059.7 48924.7 77.460 

1280 11898.4 9356.5 60.044 4800 61024.9 51492.7 78.091 

1300 12136.9 9555.3 60.229 5000 64000.0 54070.6 78.698 


Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
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Table E-5E Molar Properties of Carbon Monoxide, CO 
he = —47,550 Btu/Ibmol 
Т, °В ћ it 5° Т, °В ћ it 5° 
300 2081.9 1486.1 43.223 1400 9948.1 7167.9 54.129 
340 2359.9 1684.7 44.093 1420 10100.0 7280.1 54.237 
380 2637.9 1883.3 44.866 1460 10404.8 7505.4 54.448 
420 2916.0 2081.9 45.563 1500 10711.1 7732.3 54.655 
460 3194.0 2280.5 46.194 1520 10864.9 7846.4 54.757 
500 3472.1 2479.2 46.775 1540 11019.0 7960.8 54.858 
520 3611.2 2578.6 47.048 1560 11173.4 8075.4 54.958 
537 3729.5 2663.1 47.272 1580 11328.2 8190.5 55.056 
540 3750.3 2677.9 47.310 1600 11483.4 8306.0 55.154 
580 4028.7 2876.9 47.807 1620 11638.9 8421.8 55.251 
620 4307.4 3076.2 48.272 1640 11794.7 8537.9 55.347 
660 4586.5 3275.8 48.709 1660 11950.9 8654.4 55.441 
700 4866.0 3475.9 49.120 1700 12264.3 8888.3 55.628 
720 5006.1 3576.3 49.317 1800 13053.2 9478.6 56.078 
740 5146.4 3676.9 49.509 1900 13849.8 10076.6 56.509 
760 5286.8 3775.5 49.697 2000 14653.2 10681.5 56.922 
780 5427.4 3878.4 49.880 2100 15463.3 11293.0 57.317 
800 5568.2 3979.5 50.058 2200 16279.4 11910.5 57.696 
820 5709.4 4081.0 50.232 2300 17101.0 12533.5 58.062 
840 5850.7 4182.6 50.402 2400 17927.4 13161.3 58.414 
860 5992.3 4284.5 50.569 2500 18758.8 13794.1 58.754 
880 6134.2 4386.6 50.732 2600 19594.3 14431.0 59.081 
900 6276.4 4489.1 50.892 2700 20434.0 15072.2 59.398 
920 6419.0 4592.0 51.048 2800 21277.2 15716.8 59.705 
940 6561.7 4695.0 51.202 2900 22123.8 16364.8 60.002 
960 6704.9 4798.5 51.353 3000 22973.4 17015.8 60.290 
980 6848.4 4902.3 51.501 3100 23826.0 17669.8 60.569 
1000 6992.2 5006.3 51.646 3200 2468 1.2 18326.4 60.841 
1020 7136.4 5110.8 51.788 3300 25539.0 18985.6 61.105 
1040 7281.0 5215.7 51.929 3400 26399.3 19647.3 61.362 
1060 7425.9 5320.9 52.067 3500 27261.8 20311.2 61.612 
1080 7571.1 5426.4 52.203 3600 28126.6 20977.5 61.855 
1100 7716.8 5532.3 52.337 3700 28993.5 21645.8 62.093 
1120 7862.9 5638.7 52.468 3800 29862.3 22316.0 62.325 
1140 8009.2 5745.4 52.598 3900 30732.9 22988.0 62.551 
1160 8156.1 5852.5 52.726 4000 31605.2 23661.7 62.772 
1180 8303.3 5960.0 52.852 4100 32479.1 24337.0 62.988 
1200 8450.8 6067.8 52.976 4200 33354.4 25013.8 63.198 
1220 8598.8 6176.0 53.098 4300 34231.2 25692.0 63.405 
1240 8747.2 6284.7 53.218 4400 35109.2 26371.4 63.607 
1260 8896.0 6393.8 53.337 4600 36869.3 27734.3 63.998 
1280 9045.0 6503.1 53.455 4700 37751.0 28417.4 64.188 
1300 9194.6 6613.0 53.571 5000 40402.7 30473.4 64.735 
1320 9344.6 6723.2 53.685 5100 41288.6 31160.7 64.910 
1340 9494.8 6833.7 53.799 5200 42175.5 31849.0 65.082 
1360 9645.5 6944.7 53.910 5300 43063.2 32538.1 65.252 
1380 9796.6 7056.1 54.021 5380 43774.1 33090.1 65.385 


Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
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Table E-6E Molar Properties of Water Vapor, H,O 


he = — 104,040 Btu/Ibmol 


T,°R h, Btu/Ibmol ii Btu//Ibmol 5°, Btu/Ibmol-°R | 7, °В h, Btu/Ibmol ii Btu//Ibmol 5°, Btu/Ibmol-°R 
300 2,367.6 1,771.8 40.439 1300 10,714.5 8,132.9 52.494 
340 2,686.0 2,010.8 41.435 1340 11,076.6 8,415.5 52.768 
380 3,004.4 2,249.8 42.320 1380 11,441.4 8,700.9 53.037 
420 3,323.2 2,489.1 43.117 1420 11,808.8 8,988.9 53.299 
460 3,642.3 2,728.8 43.841 1460 12,178.8 9,279.4 53.556 
500 3,962.0 2,969.1 44.508 1500 12,551.4 9,572.7 53.808 
537 4,258.0 3,191.9 45.079 1600 13,494.4 10,317.6 54.418 
540 4,282.4 3,210.0 45.124 1700 14,455.4 11,079.4 54.999 
580 4,603.7 3,451.9 45.696 1800 15,433.0 11,858.4 55.559 
620 4,926.1 3,694.9 46.235 1900 16,428 12,654 56.097 
660 5,250.0 3,939.3 46.741 2100 18,467 14,297 57.119 
700 5,575.4 4,185.3 47.219 2300 20,571 16,003 58.077 
740 5,902.6 4,433.1 47.673 2500 22,735 17,771 58.980 
780 6,231.7 4,682.7 48.106 2700 24,957 19,595 59.837 
820 6,562.6 4,934.2 48.520 2900 27,231 21,472 60.650 
860 6,895.6 5,187.8 48.916 3100 29,553 23,397 61.426 
900 7,230.9 5,443.6 49.298 3300 31,918 25,365 62.167 
940 7,568.4 5,701.7 49.665 3500 34,324 27,373 62.876 
980 7,908.2 5,962.0 50.019 3700 36,765 29,418 63.557 

1020 8,250.4 6,224.8 50.360 3900 39,240 31,495 64.210 

1060 8,595.0 6,490.0 50.693 4100 41,745 33,603 64.839 

1100 8,942.0 6,757.5 51.013 4300 44,278 35,739 65.444 

1140 9,291.4 7,027.5 51.325 4500 46,836 37,900 66.028 

1180 9,643.4 7,300.1 51.630 4700 49,417 40,083 66.591 

1220 9,998.0 7,575.2 51.925 4900 52,019 42,288 67.135 

1260 10,354.9 7,852.7 52:212. 5000 53,327 43,398 67.401 


Source: J. H. Keenan and J. Kaye, Gas Tables, Wiley, New York, 1945. 
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Fig. F-1  Psychrometric Chart, P = 1 atm. (Carrier Corporation.) 
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Moisture Content, kg/kg Dry Air 
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Fig. С-1 Compressibility Chart. 


392 


APP. G] COMPRESSIBILITY CHART 393 


151 | 
TT l TT LH 
Li TT HH 3.50 
110) HHH H 
І 
H - H 
Z H 1 Т;:5.00 sii + Ер 
250 = TH 
1.00 Е, Е ЕТЕГЕН dinh ree 
S at Б Ht ЕЕЕ 
ESS 2.09 H Е 
O t > 
? o 180 Li 
0.90) М wey iS s B IH tt 
: SAN p H recie HH cae | 
o, OP SERE! 1 г 
RUIT e d FILES 
тара t мана 
ово 5 I H Баш 
Ра! AT НН i 4H БИ 
POH Л PSS ТІГІН 
- 7 He o : i 225 140 228 Н 
І BRLICSDERBS " Е B 
0.70 п АЗЫ = БУЕ | i 
- > t ud i H 
H - БЕ s о; me T EH 
HH E e ponis 
оө ЕНІ h za: aom 
p "x t RJ H 
H PHHH F 
И Y 2011 | 
+ мш! Li ү 7 NELSON — OBERT 
0.50} ш y Д ишик жАНА! GENERALIZED 
ш чиш: т. H HI H COMPRESSIBILITY CHARTS 
HHHH 
5% ae 110 H REDUCED PRESSURE, P, = p- CHART 
H H H REDUCED TEMPERATURE, T,= тє мо 
І 
L| tH HA os 2 PSEUDO REDUCED VOLUME, v, = LB. 2 
озо а ЕЕН ЕЕН i 
AH 
H HHH 
a Hi ЕЕЕ T 
тоо; | i 
02 П t 
j 95 0.5 0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 


Reduced pressure, Pp 


Fig. 6-2 Compressibility Chart (continued). ГУ. M. Faires, Problems on Thermodynamics, Macmillan, New York, 1962. 
Data from L. C. Nelson and E. F. Obert, Generalized Compressibility Charts, Chem. Eng. 61: 203 (1954).] 


a 
>< 
кеі 
СА 
<<. 
шм 
a. 
е. 
< 


Enthalpy Departure 


Charts 


1 
] y 
8 
3 
" 


Fp 
" 


LZ ТТЦ 
ДУУН 


Hm 
1 BF 1S LR 
ШАШАҚ 


| 


» 
\ 


EN NY 0 


САА! 
WET 
ІІ | 
WI | 
ММГ) 


ҰМ) 


3 · ошу/ py * 


“L 
4- «d 


‘ainuedep Ádjeuju3 


20 30 


20 3.0 4.0 5.0 10 


10 
Reduced pressure, Pg 


Fig. H-1 Enthalpy Departure Chart. (С. J. Van Wylen and R. E. Sonntag, Fundamentals of Classical Thermodynamics, 
3d ed., Wiley, New York.] 


394 


ENTHALPY DEPARTURE CHARTS 395 


АРР. Н] 


И | 


f 


ERAAN 
SENSN 


SS 


[з =~ 
SSS 


СТІ Б -0 
©. 
гын. 
: 
А ES 


TA 
W 


42 
Y.“lowal / та ‘y L 2 ‘inuedep Adeuua 
d ж4 


nd R. E. Sonntag, Fundamentals of Classical Thermodynamics, 


Chart. [G. J. Van Wylen a 


3d ed., Wiley, New York.] 


Fig. H-1E  Enthalpy Departure 


BAN 


\ 
ІІ 


Reduced pressure, Рр 


Ін 
>< 
кеі 
СА 
<<. 
шм 
a. 
е. 
< 


-—-S4—--4---rt--1i------1-- 


60 


Entropy Departure 


о ш о [з] о N о 
N 


wo + * со om N 


y-lowy/ Py 'S— ,5 'eynuedep Ádonu3 


Fundamentals of Classical Thermodynamics, 3d ed., Wiley, New York.] 


[G. J. Van Wylen and R. E. Sonntag, 


Fig. I-1 


396 


ENTROPY DEPARTURE CHARTS 397 


APP. I] 


| | | |] [1111] 
Г) 


ТТК LT 
H 1 


0.55 
0.65 
0.75, 


21.0 


н. чоша / nig ‘s— „$ ‘ainuedep Adojuy 


Reduced pressure, Рр 


[G. J. Van Wylen and R. E. Sonntag, Fundamentals of Classical Thermodynamics, 3d ed., Wiley, New York.] 


Fig. I-1E 


This page intentionally left blank 


Absolute pressure, 9 
Absolute temperature, 11 
Absorption refrigeration, 250 
Acceleration of gravity, 6 
Added mass, 14 
Additive pressures, Dalton’s law of, 285 
Additive volumes, Amagat’s law of, 285 
Adiabatic efficiency: 

of compressors, 144 

of turbines, 144 
Adiabatic flame temperature, 314 
Adiabatic process, 49, 72 

reversible, 135 
Adiabatic saturation process, 290 
Adiabatic saturation temperature, 290 
Advection, 50 
Air: 

atmospheric, 346 

excess, 309 

properties of, 378 
Air-conditioning processes, 292 

adding heat, 292 

adding moisture, 292 

mixing air streams, 293 

removing moisture, 292 
Air-fuel ratio, 309 
Air-standard cycles, 180 
Air-water vapor mixtures, 287 
Amagat’s model, 285 
Atmosphere, table of, 346 
Atmospheric air, 287 
Atmospheric pressure, 9 
Availability, 162 

steady-flow, 164 
Axial-flow compressor, 178 


Back work ratio, 191 
Barometer, 9 

Base units, 6 
Blackbody, 51 
Boiler, 184, 214 
Boiling, 23 
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Bomb calorimeter, 312 
Bore, 181 
Bottom dead center, 181 
Boundary work, 41 
Brayton cycle, 190 
with regeneration, 192 
with reheating and regeneration, 194 
Brayton—Rankine cycle, 227 
Btu (British thermal unit), 5 
Bulk modulus, 271 


Capillary tube, 272 
Carbon dioxide, properties of, 381 
Carbon monoxide, properties of, 382 
Carnot cycle, 122, 182 

efficiency, 122, 182 

P-v diagram, 122 

reversed, 124 

T-s diagram, 134 
Carnot engine, 121 

efficiency, 122 

series, 128 
Carnot heat pump, 124 
Carnot refrigerator, 124 

in series, 128 

Celsius temperature scale, 11 
Central difference, 70 
Centrifugal compressor, 178 
Chemical compound, 308 
Chemical energy, 311 
Chemical reactions, 308 
Clapeyron equation, 266 
Clausius—Clapeyron equation, 267 
Clausius inequality, 114 
Clausius statement of the second law, 119 
Clearance volume, 181 
Closed feedwater heater, 221 
Coefficient: 

Joule-Thomson, 272 

of performance, 85, 244, 252 

of heat pumps, 85, 244 
of refrigerators, 85, 244 
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Coefficient (Contd.) 
of reversible heat pumps, 124 
of reversible refrigerators, 124 
Cogeneration, 223 
Combined gas-vapor cycle, 227 
Combustion, 308 
complete, 308 
enthalpy of, 311 
incomplete, 308 
theoretical, 308 
Combustor, 190 
Comfort zone, 292 
Complete combustion, 308 
Compressed liquid, 24, 360 
Compressed-liquid region, 24 
Compressibility chart, 392 
Compressibility factor, 28 
Compression: 
isentropic, 177 
multistage, 178 
Compression-ignition engines, 184 
Compression ratio, 181 
effect on thermal efficiency, 183 
Compressor: 
air, 85 
axial-flow, 178 
centrifugal, 178 
efficiency, 144, 176 
first-law analysis, 80 
gas, 175 
intercooling, 178 
reciprocating, 175 
Condensation, 289 
Condenser, 85, 214 
Conduction, 50 
Conservation: 
of energy, 12, 62 
control volumes, 77 
cycles, 63 
steady-flow, 76 
systems, 64, 71 
unsteady-flow, 87 
of mass 
control volumes, 76 
steady-flow, 76 
Constant pressure process, 72 
Constant pressure specific heat, 
68, 347, 349 
of gas mixtures, 287 
Constant temperature process, 71 
Constant volume process, 72 
Constant volume specific heat, 67, 347 
of gas mixtures, 287 
Continuity equation, 76 
Continuum, 2 
Control surface, 2 


Control volume, 2, 75 
second law, 143 
Convection, 50 
Convection heat transfer coefficient, 50 
Conversion of units, 345 
Cooling: 
with dehumidification, 292 
evaporative, 293 
Cooling tower, 295 
COP (see Coefficient of performance) 
Counterflow heat exchanger, 228 
Critical point, 23, 25 
table of properties, 348 
Critical properties of gas, 348 
Cutoff ratio, 185 
Cycle, 5, 84, 95 
efficiency, 84 
irreversible, 140 
mechanical, 175 
open, 175 
power, 175, 214 
refrigeration, 243, 252 
Cyclic formula for derivatives, 264 


Dalton’s model, 285 
Dead state, 162 
Dehumidification, 292 
Density, 2, 7 
Dependent property, 3 
Dew-point temperature, 289, 309 
Diesel cycle, 184 
Differential, 264 

exact, 43 

inexact, 43 
Differential form of first law, 265 
Diffuser, 81 

subsonic, 82 

supersonic, 82 
Discharge of a tank, 87 
Displacement volume, 181 
Drag coefficient, 45 
Dry air, 287 
Dry-bulb temperature, 288 
Dual cycle, 187 


Effectiveness, 165 

Efficiency, 144 
adiabatic, 161 
Carnot, 124 
compressor, 144 
cycle, 84 
plant, 226 
second-law, 161 
thermal, 84 
turbine, 144 
volumetric, 176 


Electric potential, 48 
Electrical work, 48 
Emissivity, 51 
Endothermic reaction, 312 
Energy, 11 
chemical, 1 
conservation of, 62 
equation, 77 
internal, 1 
kinetic, 1, 11, 64 
latent, 67 
potential, 1, 11, 64 


Energy efficiency ratio (EER), 125 


Energy equation, 78 
Engine: 
Carnot, 121 
external combustion, 188 
heat, 117 
internal combustion, 184 
compression-ignition, 184 
diesel, 184 
reversible, 120 
spark-ignition, 191 
turbojet, 206 
thrust of, 206 
English units, 5 
Enthalpy, 65 


of air-water vapor mixture, 291 


of combustion, 312, 351 

of formation, 312, 350 

of gas mixture, 285 

of reactants, 311 

of vaporization, 66, 350 
Enthalpy change: 

of gas mixture, 285 

general expression, 268 

of ideal gas, 68 


of incompressible substance, 68 


of reacting mixture, 311 

of real gas, 273 
Enthalpy departure, 274, 394 
Enthalpy-entropy diagram, 138 
Entropy, 73, 133 

increase in, principle of, 144 

production, 144, 151 
Entropy change, 134 

of gas mixture, 288 

general expression, 134, 269 

of ideal gas, 135, 136 

of irreversible process, 141 

of liquid, 139 

of real gas, 274 

of solid, 139 

of universe, 142 
Entropy departure, 275, 396 
Entropy production, 144 
Equality of temperature, 10 
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Equations of state: 
ideal gas, 28 
Redlich-K wong, 31, 351 
van der Waals, 30, 351 
virial, 31 
Equilibrium: 
of a system, 3 
thermodynamic, 3 
Ericsson cycle, 189 
Evacuated tank, 87 
Evaporative cooling, 293 
Evaporator, 85, 244 
Exact differential, 3, 43 
Excess air, 308 
Exergy, 164 
Exhaust stroke, 185 
Exothermic reaction, 312 
Expansion valve, 85 
Extensive property, 4 
External combustion, 188 


Fahrenheit temperature scale, 11 
Feedwater, 220 
Feedwater heater, 221 
closed, 221 
open, 221 
Finite difference, 70 
First law of thermodynamics, 62 
control volumes, 77 
differential form, 265 
liquid flow, 78 
reacting systems, 312 
steady flow, 78 
systems, 64 
unsteady flow, 87 
Flow rate, 76 
Flow work, 77 
Force, 8 
Fourier's law of heat transfer, 50 
Friction, 120 
Fuel-air ratio, 309 
Fusion, heat of, 67 
Fusion line, 25 


Gage pressure, 9 

Gas compressor, 175 

Gas constant, 28 
of gas mixture, 285 
table of, 347 
universal, 28 

Gas mixtures, 285 
properties of, 285 

Gas power cycles, 175 

Gas refrigeration cycle, 252 


Gas turbine cycle (see Brayton cycle) 
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Gas-vapor mixtures, 287 

Generalized compressibility chart, 392 
Generalized enthalpy departure chart, 394 
Generalized entropy departure chart, 396 
Gibbs function, 265 

Globe valve, 79 

Gravimetric analysis, 285 

Gravitational force, 14 

Gravity, 6 


Heat, 49 
of fusion, 67 
latent, 67 
sign convention, 49 
specific, 67; see also Specific heat 
of sublimation, 67 
transfer, 49 
of vaporization, 67 
Heat capacity (see Specific heat) 
Heat engines, 117 
thermal efficiency, 118 
Heat exchanger, 83 
Heat pump, 85, 243, 249 
coefficient of performance, 118 
Heat ratio, specific, 69 
Heat reservoir, 118 
Heat sink, 118 
Heat source, 118 
Heat transfer, 49 
isothermal, 121 
reversible, 121 
Heating: 
value, 312 
of a fuel, 312 
with humidification, 293 
Helmholtz function, 265 
Higher heating value, 312 
Homogeneous, 3 
Horsepower, 48 
Humidification, 292 
Humidity: 
relative, 288 
specific, 288 
Humidity ratio, 288 
Hydrocarbon fuel, 309 


Ice cubes, 92, 149 

Ice point, 11 

Ideal gas, 28 
enthalpy change, 68 
entropy change, 136 
equation of state, 28 
internal energy change, 68 
isentropic processes, 136 
properties of, 347 


Ideal gas (Contd.) 
specific heats, 347 
tables, 347, 378 
Ideal gas mixture, 287 
Incomplete combustion, 308 
Incompressible substance, 76 
enthalpy change, 69 
entropy change, 139 
internal energy change, 69 
specific heat, 69, 347 


Increase-in-entropy principle, 144 


Independent property, 3 
Inequality of Clausius, 140 
Inexact differential, 43 
Intensive property, 3 
Intercooling, 177 

Internal combustion engine: 


compression-ignition engines, 184 


spark-ignition engines, 183 
Internal energy, 12, 64 
Internal energy change: 

of gas mixture, 286 

general expression, 268 

of ideal gas, 68 


of incompressible substance, 69 


of real gases, 273 
Inversion temperature, 282 
Irreversibility, 162 

causes of, 120 

steady flows, 163 

systems, 163 

unsteady flows, 163 
Irreversible cycle, 140 
Isentropic efficiency, 144 
Isentropic gas flow, 144 
Isentropic process, 135 

of ideal gases, 135 


Isentropic relations of ideal gases, 135 


Isobaric process, 5, 72 
Isolated system, 2, 142 
Isometric process, 5, 72 
Isothermal process, 5, 71 


Joule, 7 
Joule-Thomson coefficient, 272 


Kelvin—Planck statement of 
the second law, 119 

Kelvin temperature scale, 11 

Kinetic energy, 11, 64 


Latent heat, 67 
of fusion, 67 
of sublimation, 67 
of vaporization, 67 


INDEX 403 


Law, 1 Otto cycle, 182 

Lean mixture, 309 Overall heat transfer coefficient, 314 
Liquid flow, 78 Overall plant efficiency, 226 
Liquid-vapor mixture, 25 Oxygen, properties of, 380 


Liquid-vapor saturation curve, 25 

Losses, 79, 227 

Lower heating value, 312 Paddle-wheel work, 46 
Parabolic distribution, 96 


. Partial derivative, 263 
Macroscopic forms of energy, 1 Partial pressure, 285 


Makeup water, 296 Pascal. 7 


Manometer, 10 Path function, 3 


Mass3 — P dV work, 43 
conservation of, 76 Percent clearance, 181 


of earth, 14 Percent excess air, 309 
molar, 28 Percent theoretical air, 309 
table of, 347 Perfect gas, 28; see also Ideal gas 
of moon, 14 Phase, 3 
Mass flux, 76 Phase-change processes, 23, 266 
Mass fraction, 284 property diagrams for, 24 
Maxwell relations, 265 Phase equilibrium, 24 
Mean effective pressure, 181 Piston, 43 
Mean free path, 3 Plant efficiency, 226 
Mechanical cycle, 175 Polytropic process, 74 
Mechanical forms of work, 47 Porous plug, 271 
Mercury, 10 —— Potential energy, 1, 12, 64 
Metastable equilibrium, 4 Power, 41 
Mixture, 3, 285 Power cycle, 175 
lean, 309 Power plant, 84, 215 
rich, 309 Preheater, 221 
Molar analysis, 285 Pressure, 8 
table of, 247, 348 absolute, 9 
Molar specific heats, 69 atmospheric, 9 
Mole, 28 critical, 348 
Mole fraction, 284 gage, 9 
Molecular weight, 28, 284, 347 mean effective, 181 
Mollier diagram, 139 partial, 286 
Multistage compression, 178 ratio, 187, 191 
refrigeration systems, 247 reduced, 29 
relative, 136 
Newton, 6 vacum? 
vapor, 287 


Newton’s law of cooling, 50 
Newton’s second law, 6 
Newton’s third law, 14 
Nitrogen, properties of, 379 е . 
Nonequilibrium process, 4 adiabatic, 49 
Nonequilibrium work, 46 irreversible, 120, 142 
Nozzle, 81 isentropic, 136 
isobaric, 5 
isometric, 5 
isothermal, 5 


Pressure ratio, 187 
Principle of entropy increase, 142 
Process: 


second-law effectiveness, 165 
subsonic, 82 
supersonic, 82 


path, 43 

polytropic, 74 
Open feedwater, 221 quasiequilibrium, 4 
Open cycle, 175 reversible, 120, 161 
Open refrigeration system, 252 Production of entropy, 144 


Orifice place, 79 Products of combustion, 311 
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Properties of ideal gases, 347 
Property of a system, 3 
extensive, 3 
independent, 3 
intensive, 3 
specific, 3 
Psychrometric charts, 291, 390 
Pump, 80, 214 
efficiency, 145 
Pump work, 80 
Pure substance, 23 
P-v diagram of a, 24 
P-v-T surface of a, 25 


Quality, of a two-phase mixture, 25 
Quasiequilibrium process, 4, 73 


Radiation, 51 
Rankine cycle, 214 
efficiency, 216 
regenerative, 220, 231 
reheat, 219, 231 
supercritical, 224 
Rankine temperature scale, 11 
Reactants, 311 
Real gases, 28 
Reciprocating compressor, 175 
Redlich-K wong equation, 31, 351 
Reduced pressure, 29, 342 
Reduced temperature, 29, 392 
Refrigerant 134a, properties of, 368 
Refrigerants, 245 
Refrigeration, 243 
absorption, 250 
multistage, 247 
subcooling, 247 
ton of, 246 
Refrigeration cycle, 85 
actual, 245 
ammonia-absorption, 250 
gas, 252 
vapor, 243 
Refrigerator, 85, 117, 243 
Carnot, 124 
coefficient of performance, 118, 124 
Regeneration: 
Brayton cycle, 190 
Ericsson cycle, 189 
Rankine cycle, 220 
Stirling cycle, 189 
Regenerative cycle, 193, 220 
Regenerator, 188, 192 
Reheat Brayton cycle, 194 


Reheat Rankine cycle, 219, 231 
Reheat/regenerative cycle, 222 
Reheater, 195 
Relative humidity, 288 
Relative pressure, 136 
Relative specific volume, 137 
Reservoir, thermal energy, 117 
Resistivity, 50 
Reversed Carnot cycle, 124 
Reversibility, 120 
Reversible adiabatic process, 135 
Reversible engine, 120, 121 
Reversible process, 120, 161 
Reversible work, 161 

steady flows, 163 

systems, 163 
Rich mixture, 309 
Rotating shaft, 47 
Rotor, 178 


Saturated liquid, 24 
Saturated liquid-vapor, 353, 362 
Saturated solid-vapor, 361, 367 
Saturated vapor, 24 
Second law: 
closed systems, 135 
control volume, 143 
mathematical statement, 142 
steady flow, 144 
Second-law effectiveness, 165 
Second-law efficiency, 161 
Second law of thermodynamics, 119 
Clausius statement, 119 
Kelvin—Planck statement, 119 
Shaft work, 47, 77 
SI units, 5 
Sign convention: 
heat, 49 
work, 41 
Simple system, 3, 23, 44 
Solid, properties of, 348 
Spark-ignition engines, 180, 183 
Specific enthalpy of air-water 
vapor mixture, 280 
Specific heat, 67 
at constant pressure, 68 
at constant volume, 67 
of a gas mixture, 285 
generalized relations, 270 
of ideal gas, 69 
of incompressible substance, 69 
of superheated steam, 69 
table of properties, 347—349 
Specific heat ratio, 69, 347 


Specific heat relations, 271 
Specific humidity, 288 
Specific properties, 3 
Specific volume, 3 
critical, 348 
relative, 137 
Specific weight, 7 
Spring work, 48, 59 
State, 3 
Statistical thermodynamics, | 
Stator, 178 
Steady flow, 76 
conservation of energy, 78 
conservation of mass, 76 
second-law analysis, 161 
Steady-flow devices, 79 
Steam generator (see Boiler) 
Steam point, 11 
Steam power plant, 84 
Steam table, 26, 353 
Stefan—Boltzmann constant, 51 
Stefan—Boltzmann law, 51 
Stirling cycle, 188 
Stoichiometric air, 309 
Stroke, 181 
Subcooled liquid, 24 
Subcooling, 247 
Sublimation, heat of, 67 
Subsonic flow, 82 
supercritical state, 24 
Supercritical vapor power cycle, 224 
Superheat region, 24 
Superheated vapor, 24 
Supersonic flow, 82 
Surroundings, 1 
Swamp cooler, 290 
System, 1 
isolated, 143 


T ds relations, 135 
Temperature, 10. 

absolute, 11 

adiabatic flame, 313 

adiabatic saturation, 290 

critical, 348 

dew-point, 289 

dry-bulb, 288 

reduced, 29 

wet-bulb, 291 
Temperature scales, 11 
Theoretical air, 309 
Theoretical combustion process, 309 
Thermal conductivity, 50 
Thermal efficiency, 84, 118, 183 
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Thermal equilibrium, 11 
Thermodynamic equilibrium, 4 
Thermodynamics, 1 
first law of, 62 
second law of, 119 
zeroth law of, 11 
Throttling device, 79 
Thrust of a turbojet engine, 196 
Ton of refrigeration, 246 
Top dead center, 181 
Torque, 47 
Transient flow, 86 
Triple point, 24, 25 
T-s diagram, 135 
Turbine, 80, 214 
efficiency, 144, 152, 226 
reversible, 145 
work, 80 
Turbojet engine, 196 
T-v diagram, 24 
Two-stage refrigeration, 247 


Uniform flow, 76 
Units, 5 
table of conversions, 345 
Universal gas constant, 28, 285 
Universe, entropy change of, 142 
Unsteady flow, conservation of energy, 87 


Vacuum pressure, 9 
Valves, 79, 272 
van der Waals equation, 30, 351 
Vapor, 23 
Vapor power cycles, 214 
Vapor pressure, 287 
Vapor refrigeration cycle, 244 
multistage, 247 
Vaporization, 23 
enthalpy or latent heat of, 67 
Variable specific heats, 136 
Virial coefficients, 31 
Virial equation of state, 31 
Volume expansivity, 271 
Volumetric analysis, 285 
Volumetric efficiency, 176 


Water, properties of, 353 
Water vapor, ideal 

gas properties of, 383 
Weight, 7 
Weight, specific, 7 
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Wet-bulb temperature, 291 Work (Contd.) 

Work, 41 shaft, 47, 77 
boundary, 42 sign convention, 41 
electrical, 48 spring, 47 
flow, 77 Working fluid, 1 


mechanical, 47 

nonequilibrium, 46 

quasiequilibrium, 44 Zeroth law of thermodynamics, 11 
reversible, 161 Z-factor, 28 


